
/

O p t i m u m  P o w e r  

C o n d i t i o n i n g  a n d  

M o t o r  C o m b i n a t i o n  

f o r  L o c o m o t i v e  T r a c t i o n

Q / 4 ^ / 0

Research and 
Special Programs 
Administration

March 1983
DOT/RSPA/DMA-50/83/21

o
US. Department o< 
Transportation

Final Report 
Under Contract 
DT R S5681 -C-00035

Prepared by 
Office of
University Research

This document is available to 
the U.S. public through the 
National Technical Information 
Service, Springfield, VA 22161

0 4  - L ocom otives



N O TIC E

T h is  d o c u m e n t i s  d is s e m in a te d  u n d e r  t h e  
s p o n s o r s h ip  o f  t h e  D e p a r tm e n t  o f  T r a n s ­
p o r t a t i o n  i n  t h e  i n t e r e s t  o f  in f o r m a t io n  
e x c h a n g e . T h e  U n i t e d  S t a t e s  G o v e rn m e n t  
assum es n o  l i a b i l i t y  f o r  i t s  c o n t e n t s  o r  
u s e  t h e r e o f .



Technical Report Documentation Page

1. Report No.

D0T/RSPA/DMA-50/83/21

2. Government Accession No.. 3. Recipient’ s Catalog No.

4. T i t le  and Subtitle

Optimum Power Conditioning and Motor Combination 
fo r  Locomotive T rac tion

. ■ |. •

5. Report Date

March 1983
6. Performing Organization Code

8. Performing Organization Report No.
7. Author's)

Richard G. H oft
9. Performing Orgoniiotion Nome and Address

U nivers ity  o f Missouri 
Department o f E le c tr ic a l Engineering 
E le c tr ic a l Engineering Building  
Columbia. Missouri 65211

10. Work Unit No. ( T R A IS )

11. Contract or Grant No.

DTRS5681-C-00035 ,
13. Type of Report and P erio d  Covered

June 1982 
In te rim  Report

12. Sponsoring Agency Name and Address

O ffic e  o f U n iv e rs ity  Research 
U. S. Department o f Transportation  
400 7th S tre e t , S. W.
Washington, D. C. 20590

14. Sponsoring Agency Code

DMA-50
15. Supplementary Notes

Technical M onitor: C l if fo rd  Gannett

16. Abstract

This is  the in te rim  report describing the re s u lts  o f the research 
on Phase I ,  the f i r s t  y e a r, o f th is  c o n tra c t. The o b ject o f the research  
is  to  study a lte rn a te  power conditioning-m otor combinations fo r  s ing le  
axle locomotive tra c tio n  drives ap p licab le  to  both fre ig h t  and passenger 
use. Candidate systems are defined and analyzed on the basis o f costs, 
r e l i a b i l i t y ,  s iz e , e ff ic ie n c y  and performance. The three p referred  can­
d idate  systems are  a McMurray commutated vo ltage source in v e r te r , an 
a u to -s e q u e n tia lly  commutated current source in v e rte r  and a GTO voltage  
s o u rc e ;in v e rte r , each supplying a v a ria b le  frequency s q u irre l cage induc­
tio n  motor. The GTO in v e rte r-in d u c tio n  motor system is  recommended as 
the most compact system w ith  a t  le a s t equal o r b e tte r  r e l i a b i l i t y ,  per­
formance, e f f ic ie n c y  and cost than the o ther two candidate systems.

During Phase I I  o f the research (the  second y e a r, June 1 , 1982 -  
May 3 1 ,1 9 8 3 )  the GTO in v e rte r  system w i l l  be designed and a d ig i ta l  
sim ulation devised to  demonstrate the performance o f ,the system. I t  is  
also recommended th a t a low power model GTO in v e rte r  be designed, con­
structed  and evaluated during Phase I I .

17. Key Words

a lte rn a t iv e  power, locom otive, t ra c tio n ,  
vo ltag e , in v e r te r , induction motor 
f re ig h t  and passenger

18; Distribution Statement

Document is  a v a ila b le  to the U. S. pub lic  
through the National Technical Inform ation  
Service S p r in g fie ld , V irg in ia  22161

19. Security. Classif. (of this report)' 20. Security Classif. (of thi s page) 21* No. of Pages 22. Price

U nclass ified U nclass ified

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized



METRIC CONVERSION FACTORS

Apprtximata Conveniens te Metric Mtaaures 

lyval.l Wkta Yea Xsan MeHiply by T* Flsd Syaktl

LE N G TH

m inches •2 .5 centimeters Cm
n feet 30 centimeters cm
yd yards- 0.9 meters m
mi miles 1.6 kilometers km

A R E A

ta* "*'■ square inches - 6.5 oqu&ro centimeters. cm2
square feet 0.09 square meters m2

y<J* square yards' 0.6 squsre meters nt2
mi2 square miles 2.6 square kilometers km2

acres: 0.4 - hectares ha

_ M A S S _ |w s ijh t^

n ounces 28 grams g
n> pounds 0.45 kilograms *9

short tons 0.9 tonnes t
(2000 lb)

V O L U M E

tap teaspoons . 5 millllitsrs ml
Ttep tablespoons 15 m illiliters ml
fl ox fluid ounces 30 m illiliters ml
c cups 0.24 liters 1
pt pints 0.47 liters 1
qt quarts 0.95 liters 1

9*» gallons 3.8 liters 1
ft3 cubic feet 0.03 cubic meters m3

Yd3 cubic yards 0.76 cubic meters m3

T E M P E R A T U R E  (e x a c t)

• f Fahrenheit 5 /9  (after Celsius °C
temperature subtracting temperature

32)

*1 in • 2.54 lexacily). For other exact conversions and more detailed tables, see NBS Misc. Publ. 286. 
Units of Weights and Measures. Price $2.25. SO Catalog No. Cl 3.10:286.

n

— £ - = A p p ro x im a te  C e n v e rs ia a i I r e *  M e tr ic  M e a s u re s
~ z —

■ ~ EE Syiokol Wfcen Y * b Know M altip ly  ky To Ftad S yakal

—5 EE ■ N
■ - = LE N G TH

' — . —
-  - —

mn millimeters 0.04 inches in
- = e> cm centimeters ' 0.4 inches in

= \  m meters 3.3 feet ft
•4 - ‘^E  ' •0 m meters 1.1 yards- yd

. -■ km - kilometers 0.6 miles mi
— =  .

' — z A R E A
. _ -

0» - ____ _ cm2 . squaro centimeters 0.16 square inches In2
— r <A m2 square maters 1.2 square yards yd2

• = • ton2 square kilometers 0.4 square miles mi2
- =  . ,v ♦ ' hectares (10.000 m2) 2.5 acres

■ —  -Z -s =
«

"o» —E =  ' " M A S S  (w a is b t )
:  — Z = r n

==i g grams 0.035 ounces ox
~~ .... _ kg kilograms 2.2 pounds fb

—s. = ------ t tonnes (1000 kg) 1.1 short tons
tfk - = ■ = o

' - E = V O L U M E
- = . 9)

' — = = ml m illiliters 0.03 fluid ounces fl ox
— . • 1 liters 2.1 pints *

(•» ~ —  . 1 liters 1.08 quarts qt
■ s = ---------- r - j ; 1 liters 0.26 galfont- g a t
■ = ------ . m3 cubic meters 35 cubic feet ft3
. —E to m3 cubic meters 1.3 cubic yards yd3

T E M P E R A T U R E  (e * t e t )

Celsius 9 /5  (then
temperature odd 32)

Fahrenheit
tem perature

°F
- 4 0  0

H -Y -V -
- 4 0  -2 0

°C

32 98-G
I « ° 60 I

l ”+
0

1 r  1 r  f r *
20  |40  

37

190
-Y— 100

®c



TABLE OF CONTENTS
P age

L O  INTRODUCTION 1

2 .0  OBJECT AND SCOPE 2

3 .0  CANDIDATE SYSTEMS 3

4 .0  SYSTEM COMPARISON 10

5„0 CONCLUSIONS AND RECOMMENDATIONS 16

APPENDIX A WORK PLAN ' 17

APPENDIX B SUMMARY OF VIS IT TO GM-EMD, LAGRANGE, ILLINOIS 21

APPENDIX C SUMMARY OF VIS IT TO GE, ERIE, PA, AUGUST 20, 1981 30

APPENDIX D DIRECTORY OF POTENTIAL USERS 35

APPENDIX E ANALYSIS OF MCMURRAY VS I-IM  39

APPENDIX F ANALYSIS OF CSI-IM 87

APPENDIX G DISCUSSION OF GTO VSI 134

APPENDIX H COMPARISON OF CANDIDATE SYSTEMS 141

REFERENCES 161



1.0 INTRODUCTION

The purpose o f th is  research is  t d analyze a lte rn a t iv e  power condi­
tio n in g  un its  and tra c tio n  motor combinations fo r  locomotive propulsion.
At the conclusion o f the f i r s t  year o f the work (Phase I ) ,  the goal is  
to id e n t ify  the optimum system on the basis o f  co st, r e l i a b i l i t y ,  size  
and performance. During Phase I I  (the second y e a r ) ,  the optimum system 
w il l  be designed, and d ig ita l  computer sim ulation studies w i l l  be com­
pleted  to es ta b lish  im portant design parameters and to v e r ify  system 
performance.

Since the f i r s t  th y r is to r  became a v a ila b le  in la te  1957, there has 
been extensive development and ap p lica tio n  o f so lid  s ta te  power conver­
te rs . One o f the most im portant ap p lications o f such converters is  in  
ad ju stab le  speed motor d riv e s . P resently , the phase c o n tro lle d  r e c t i f i e r  
ad ju stab le  speed dc motor d riv e  is  w idely used in in d u s tr ia l motor posi­
t io n , speed and torque co n tro ls . Both phase co n tro lled  r e c t i f i e r  and 
th y r is to r  chopper dc motor drives are also applied in a wide range o f 
t ra c tio n  a p p lic a tio n s , p a r t ic u la r ly  in the USA, Japan and Europe. How­
ever, the most a t t r a c t iv e  ad justab le  speed d riv e  fo r  tra c tio n  ap p lic a ­
tio n s  is  the v a ria b le  frequency co ntro lled  ac motor. This approach 
permits independent speed and torque control over a wide speed range, 
and makes i t  possible to  u t i l i z e  the s q u irre l cage induction motor which 
is  the lowest co st, most rugged and re lia b le  motor to  manufacture.

The v a ria b le  frequency ac motor d rive  can be produqed using e ith e r  
synchronous motors or induction motors. With the s q u irre l cage induction  
machine the commutator and s l ip  rings are e lim in a ted . Thus, the v a ria b le  
freq u en cy -sq u irre l cage induction motor shows grea t promise fo r  r e l ia b le ,  
high performance and com petitive cost tra c tio n  motor d riv e  systems.

At present, the v a ria b le  frequency sq u irre l cage induction motor d riv e  
is  being used fo r  locomotive tra c tio n  ap p lications  in  West Germany. How­
ev er, i t  is  reported th a t the cost o f these systems is  q u ite  high. The 
power e le c tro n ic  converter to  supply v a ria b le  frequency power to  the t ra c ­
tio n  motor is  presently  q u ite  complex and expensive. With the continued 
development o f v a ria b le  frequency ac d rive  systems, includ ing the a p p lic a ­
tio n  o f modern power semiconductor devices and microprocessors, i t  appears - 
th a t very so phisticated  systems w il l  be produced a t  reasonable cost.

The research began on June 1 , 1981. This is  the in te rim  rep o rt fo r  
Phase I .  The systems considered are described and analyzed, a ra th e r de­
ta i le d  comparison o f the candidate systems is  presented, and the GTO in v e r­
te r- in d u c tio n  motor is  selected as the preferred  locomotive propulsion  
system. In the f in a l  section o f th is  re p o rt, recommendations are included  
regarding a possible rev is io n  o f the scope o f Phase I I  to  include the de­
s ig n , construction  and evalua tion  o f a low power model power condition ing  
u n it .



2.0 OBJECT AND SCOPE
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The o b je c t o f th is  research is  to

t Study a lte rn a te  power conditioning^m otor combinations 
fo r  s ing le  axle locomotive tra c tio n  drives ap p licab le  
to both f re ig h t  and passenger use.

-  Compare candidate systems on basis o f projected l i f e  
cycle costs, r e l i a b i l i t y  and m a in ta in a b ility , s ize  
and performance

-  S e lect p re ferred  system and v e r ify  performance using 
d ig ita l  computer sim ulation

The work plan is  included in Appendix A.

At the conclusion o f the research,, the goal is  to define an optimum 
power conditioning-m otor combination ap p licab le  to both f re ig h t  and pas­
senger use and adaptable fo r  both a l l  e le c t r ic  and d iesel e le c t r ic  loco­
m otives. The re s u lts  o f the research sh all include a d e ta ile d  system 
design, s p e c ific a tio n s  fo r  major components and d ig ita l  computer sim ula­
tio n  re s u lts  to demonstrate performance.

In the context o f th is  research, the fea tu res  o f an optimum loco­
motive propulsion system are considered to be as fo llow s

-  Independent torque and speed control

-  Minimum torque pulsations and smooth speed control

-  Rapid response

-  Minimum,degradation in performance w ith  v a ria tio n s  in  
wheel diam eter and track  condition

-  Improved braking, inc lud ing  regenerative  braking

-  Reasonable production cost

-  High r e l i a b i l i t y  and low maintenance

-  Minimum size

-  Minimum fuel consumption

Appendix B and Appendix C include summaries o f v is its  w ith  two loco­
motive manufacturers to provide base l in e  in form ation fo r  our work. Appen 
dix D is  the D ire c to ry  o f P o ten tia l Users o f the re s u lts  o f th is  research.

/



3.0 CANDIDATE SYSTEMS

The procedure fo r  the id e n t if ic a t io n  o f candidate systems leading  
to  the se le c tio n  o f the system considered optimum can best be described  
w ith  reference to the milestones included in  the Work Plan (Appendix A)

M ilestone #1 -  V is i t  two locomotive manufacturers

The v is its  to General Motors and General E le c tr ic  
provided an e x c e lle n t o r ie n ta tio n  to  the nature o f the 
power c o n d itio n in g -tra c tio n  motor combinations on pres­
ent locomotives.

M ilestone #2 -  Define space and mechanical l im ita t io n s

As a re s u lt  o f our discussions w ith  locomotive 
m anufacturers, i t  was concluded th a t a new propulsion  
system cannot occupy s ig n if ic a n t ly  more space than 
occupied by systems in locomotives c u rre n tly  manufac-r 
tu re d . I t  was also concluded th a t ,  p a r t ic u la r ly  w ith  
the use o f v a ria b le  frequency induction motors fo r  
t ra c t io n , space and mechanical l im ita t io n s  are not 
l im it in g  fac to rs  in  the se lec tion  o f an optimum system.

M ilestone #3 -  Define maximum horsepower per axle

G en era lly , i t  was concluded th a t space is  a v a i l ­
able to provide more horsepower/axle than is  necessary 
fo r  f u l l y  s a tis fa c to ry  performance w ith  e x is tin g  power 
condition ing-m otor technology. This is  e s p e c ia lly  tru e  
assuming th a t a v a ria b le  frequency polyphase induction  
motor is  used as the tra c tio n  motor.

M ilestone #4 - Li st  and describe candidate systems

At the beginning o f the work we concluded th a t  
there were fo u r v ia b le  candidate systems -

Voltage Source In v e rte r  -  Induction Motor (V S I-IM )

Current Source In v e rte r  -  Induction Motor (C S I-IM )

Cycloconverter -  Synchronous Motor (CY-SM)

Chopper -  DC Motor (CH-DCM)

Systems w ith  three phase ac tra c tio n  motors have several 
s ig n if ic a n t  advantages -  1) Higher torque an<J output 
ra tin g  fo r  the same motor s ize and w eight; 2) No commu­
ta to r  or brushes, which means less motor maintenance;
3) G reater immunity from adverse environmental conditions  
-  m oisture, dust, e tc . ;  and 4) Lower motor manufacturing  
cost.
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The major disadvantage o f three phase ac tra c tio n  motor 
propulsion systems is  th a t a complicated power e le c tro n ic  
equipment is  required fo r  the PCU, which re s u lts  in high cost 
and possible r e l i a b i l i t y  problems.

We concluded th a t i t  is  best to consider only three phase
ac. tra c tio n  motor systems because they show the g reatest po­
te n t ia l performance advantages, and i t  is  possible to manu­
fac tu re  very so phisticated  power e le c tro n ic  equipment w ith high 
r e l i a b i l i t y  and reasonable cost in production. HVDC equipment 
is  one example o f th is .

We also concluded th a t the s q u irre l cage induction motor 
is  much p re ferab le  to  a synchronous motor due to i ts  lower 
production cost and somewhat sm aller s ize  and g rea te r r e l i a ­
b i l i t y  because o f the absence o f s l ip  r in g s , ro ta ry  transform ers  
and/or sh aft p o s itio n  sensors.

Thus, i t  was concluded th a t e ith e r  a V S I-s q u irre l cage 
induction motor or a C S I-sq u irre l cage induction motor tra c tio n  
system was p re fe rre d . As a re s u lt  o f a v i s i t  to Japan in No­
vember, 1981, i t  was determined th a t a v a ria tio n  o f the VSI 
using GTO th y r is to rs  was also a v ia b le  a l te r n a t iv e .*

The se lec tio n  o f the optimum system is  based on the fo llow in g

1. F re ig h t and passenger ap p lic a tio n

2. Diesel e le c t r ic  or a l l  e le c t r ic  locomotives

3. Three phase s q u irre l cage induction machines fo r  the 
tra c tio n  motors

4. Space and mechanical lim ita t io n s  o f  present systems

5. Horsepower/axle o f 600-1200 hp

The remainder o f th is  section includes a more d e ta ile d  d escrip tio n  o f  
the candidate systems.

3.1 T h y ris to r Voltage Source In v e rte r  -  Induction Motor (V S I-IM )

The p referred  candidate VSI-IM  system is  a three phase McMurray in v e r­
te r  as shown in Figure 1. This is  an e f f ic ie n t  and r e l ia b le  v a ria b le  f r e ­
quency in v e rte r  which is  q u ite  w idely used. Pulse width modulation (PWM) 
is  assumed to reduce harmonic currents in  the m otor, which is  necessary fo r  
maximum e ffic ie n c y  and minimum motor s ize  fo r  a given ra tin g . The system 
o f Figure 1 is  discussed and analyzed in  d e ta il in  Appendix E.

*  1) Proceedings o f US-Japan Cooperative Science Seminar on Analysis and
Design in  Power E le c tro n ic s , November 25 -2 8 , 1981, Kobe, Japan.

*  2) Japan T rip  Report, R. G. H o ft, December, 1981.
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3 .2  Current Source In v e rte r  -  Induction Motor (C SI-IM )

The preferred  CSI-IM system is  shown in Figure 2. This is  the most 
commonly used version o f the CSI. Assuming no commutation overlap , there  
are 18 d is t in c t  modes o f operation  in  one complete cyc le . A d e ta ile d  d is ­
cussion and analysis o f the c i r c u i t  o f Figure 2 is  presented in,Appendix 
F. When a CSI is  used in conjunction w ith inductive lo ad , an in e v ita b le  
high voltage spike across the load term inals  occurs during the commutation 
in te rv a ls . Therefore , the an a lys is  concentrates on the in te rv a ls  o f com­
m utation, or the tra n s fe r  modes.

3 .3  Gate Turn O ff VSI -  Induction Motor (GTO-IM)

As stated prev io usly . Dr. Hoft spent two weeks in  Japan in  November,
1981 as the; US Organizer fo r  a US-Japan Cooperative Science Seminar on 
Analysis and Design in  Power E lec tro n ic s . During the v is its  to Japanese 
in d u s tries  and u n iv e rs itie s  in  the week p r io r  to the seminar and as a 
re s u lt  o f presentations and discussions a t the seminar, the fo llow in g  two 
conclusions were reached, which are s ig n if ic a n t  r e la t iv e  to  our work on 
th is  contract

1. GTO in v e rte rs  should be given serious consideration  
fo r  locomotive propulsion.

2. "Vector co n tro lle d "  ac drives show promise fo r  im­
proving the performance o f a v a ria b le  frequency ac 
tra c tio n  system.

Three Japanese companies were v is ite d  -  Toshiba, H itach i and M itsubish i 
-  who presently  have 2500V,, 800-1000A GTO th y r is to rs  in  commercial produc­
t io n . At le a s t two o f these manufacturers have plans to  produce 5000V, 1600A 
GTO devices w ith in  the next f iv e  years. In a d d itio n , a l l  o f these three com­
panies presently  produce, and have in  commercial s e rv ic e , equipments using 
GTO devices. Such equipments include an experimental 600kVA v a ria b le  f r e ­
quency induction motor propulsion system fo r  the Osaka Railways and much l a r ­
ger GTO equipments fo r  in d u s tr ia l purposes.

With regard to the second item , four manufacturers were v is ite d  in  
Japan -  Toshiba, H ita c h i, M itsub ish i and Yaskawa E le c tr ic  -  who now produce 
"vector co ntro lled" v a ria b le  frequency ac d rives . These a l l  appear to be 
based somewhat on a German scheme developed about 15 years ago by Blaschke, 
and fu rth e r  pursued by Professor Leonhard (Braunschweig -  West Germany) 
and Professor Nabae (Toshiba -  Japan). The vector c o n tro lle d  ac motor ap­
pears to have much fa s te r  tra n s ie n t response in  a closed loop c o n tro l, and 
i t  appears to be more amenable to  f u l ly  independent torque and speed c o n tro l.

The major advantage o f the GTO system is th a t commutating c i r c u i t  com­
ponents are not req u ired , since the GTO can be turned o f f  w ith  the a p p lic a ­
t io n  o f a negative gate cu rren t pulse. The negative gate cu rren t is  required
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fo r  about 10ys. Thus, the gate d r iv e  c irc u its  are somewhat more compli­
cated than fo r  conventional th y r is to rs ,  but the added com plexity is  not 
g rea t as long as the PWM sw itching frequency is  not g rea te r than a few kHz.

Figure 3 shows the power c i r c u i t  co n fig u ra tio n  fo r  the GTO-IM. This 
is  very s im ila r  to the VSI-IM  except th a t commutating components are not 
requ ired . I t  again would be necessary to use PWM to reduce the harmonic 
currents supplied to the Induction  motor.

Appendix G includes a discussion o f the GTO voltage source in v e r te r .
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4 .0  SYSTEM COMPARISON

Each o f the three contenders as the optimum s in g le  ax le  PCU-motor 
combination u t i l i z e  a three phase, s q u irre l cage induction motor fo r  t ra c ­
t io n . The three PCU's which are compared in th is  section are as fo llo w s:

1) Voltage source th y r is to r  in v e rte r

2) Current source th y r is to r  in v e rte r

3) Voltage source th y r is to r  in v e rte r  .uslng-.a a te ^ tu K n ^ J ^ d e ^ c g s ^  HS&

The;prim|iry th ru s t o f th is  comparison is  to  provide^an estim ate o f the  
r e la t iv e  power hand!ing c a p a b ili ty ,  physical s ize  and^cost of; th e fPCU compo- 
nents:yite6essafy;t»v supply a given power lev e l to  the t f a l t io n l i f o f b r f  The /■ 
d e ta ile d  ^development o f th is  comparison is  given in Apperidix;TfI

The onormaTized to ta l component rattnig is  designed tqj in d ica te  the d is ­
trib u tio n ; o f power handling c a p a b ility  among the various ;,PCU components.
A ll ra ting s are normalized w ith  respect to  the to ta l components ra tin g  (TCR) 
o f thp .m a|in -thyris tors  in the^McMPrray VSI. The value o f  th is  ra tin g  is  
found from ‘ ‘i l

h
where !■

; -  j  ! K jN  pm

I ^f. • '^r n cos 0
\ ■ .

ii
• '’.K-v'V

< 7 .9 2  x 103 

~ N =“ Number o f id e a f switches = 6

5  $ £ S iW «

%

.■* 5V‘

of; the tra c tio n -m o to r  iff"horsepower

n = E ffic ie n c y  o f the tra c tio n  motor
i'-. y

cos 0 = Power fa c to r  o f  the t ra c tio n  motor

Table 4 .1  shows th is  comparison.ff' r s*.,
(p' ■ ,

The rating s o f the dc f f T t e r  components dominate the to ta l PCU ra t in g ,  
as would be expected. However, the apparent d isp rop ortionate  s ize  o f the
CSI commutating capacitors and^the d c ? f i l te r  reac to r deserve some discussion.

* '■ ■ A
One o f the main d ifficu lties^-encoun tered  in  the implementation o f the  

CSI is  the la rg e  magnitude vo ltage spikes which occur during commutation. I t  
i,s these spikes which determine the peak and RMS ra tin g  o f the commutating 
capacito rs . A1so, the value,iOf capacitance used in the CSI sim ulation  was 
about 300 times th a t o f the McMurray VSI.

i  -Because o fsthe -Vdltagb spTkeis, i t ’ is  necessary to use a lower motor RMS 
voltage w ith the CSI than fo r  the VSI, and th is  means th a t the cu rren t through 
the CSI components is  s ig n if ic a n t ly  increased over th a t o f the VSI a t the same 
power le v e l .  The dc bus cu rren t a t  600hp fo r  the CSI is  ju s t  under 22 amps, 
and the dc f i l t e r  reac to r is  27.39mH. The ac v a r ia tio n  o f the input term inal



TABLE 4.1

NORMALIZED TOTAL COMPONENT RATINGS 

(For ra tin g  d e fin it io n s , see TABLE H I, APPENDIX H)

VS I CSI GTO

Main Th yris to rs 1.0 1.038 0.75

Commutating T h yris to rs 0.335 o 0

Diodes 1.0 1.038 0.75

Commutating Capacitors 0.0883 0.902 0

Commutating Inductors 0.0318 o 0

Total In v e rte r  Rating 2.455 2.978 1.50

DC Bus F i l t e r  Capacitor 29.38 0 29.38

DC Bus F i l t e r  Inductor 0 69.73 0

Total PCU Rating 31.835 72.71 30.88
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voltage is  s ix  times th a t o f  the in v e rte r  output frequency. A ll o f these 
facto rs  co ntribu te  to  the la rg e  ra tin g  o f the dc f i l t e r  reac to r.

The to ta l component ra tin g  alone does not sp ec ify  the peak voltage and 
RMS current rating s o f the in v e rte r  components. This inform ation is  pro­
vided in Table 4 .2 .

Notice the reduced peak voltage ra tin g  o f the GTO-VSI th y r is to rs  com­
pared to  th a t o f the main th y r is to rs  in  the McMurray VSI. Although there  
is  a voltage spike present during commutation (see Appendix G, Figure G4), 
the'magnitude o f th is  peak vo ltage is  only about 25% above the dc bus vo ltag e . 
In the McMurray c i r c u i t , the series LC commutating c ir c u i t  generates a peak 
voltage which is  (1 + Kz ) times the dc bus vo ltage (Kz = 0 .6 6 7 ).

This reduced voltage ra tin g  w i l l  reduce the cost o f the GTO th y r is to rs .  
This is  important because the cost o f GTO's is  now several times th a t o f ; 
comparably rated th y r is to rs  w ithout gate turn o f f  c a p a b ility . However, i t  
is  estimated th a t the u ltim a te  production cost o f the GTO should be only about
1.5  times the cost o f the comparably rated  conventional th y r is to r .

The s ize advantage o f the GTO system is  im nediate ly obvious due to the 
absence o f the commutating components.

The peak voltage and RMS cu rren t ra tin g s  o f the dc f i l t e r  components are  
as fo llow s:

VSI/GTQ-VSI DC F i l t e r  Capacitor

Vpeak = (1 + HKr^ VDC

XRMS = Zdc = °°06 Jm

CSI DC F i l t e r  Capacitor

*RMS = d  + ^Kr ) ! 0C

= 1.3 (1 + %Kr) Im

In the remainder o f th is  section o f the re p o rt, a q u a lita t iv e  comparison 
o f co st, s iz e , e f f ic ie n c y , r e l i a b i l i t y  and control com plexity fo r  the a lte rn a ­
t iv e  systems is  presented. The to ta l component ra tin g  inform ation in Table 4 .1  
is  the basis fo r  most o f the q u a lita t iv e  comparisons presented.

A d e ta ile d  design o f  each system component assuming the best commercial . 
manufacturing techniques and methods is  required to  obtain q u a n tita tiv e  s ize  and 
cost in fo rm ation . However, the fo llow in g  statements can be made from the TCR 
in form ation .
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TABLE 4 .2

PEAK VOLTAGE AND RMS CURRENT RATINGS
SHOWN FOR Pm = i600/1200 HORSEPOWER

VqC * DC bus voltage Kz = 0.667

V„ = RMS IM term inal voltage  m I = RMS IM lin e  m cu rren t

a) McMurray VSI w
peak JRMS

Main T h yris to rs (1+KZ) VDC {■J2T/ 2) I m

= 4 .33kv = 10 4 .7 5 /20 9 .5  amps

Commutating T h yris to rs II ( i  /  /TO Kz ) I ra 

» 7 0 .2 7 /1 4 0 .5 4  amps

Diodes II II

Commutating Capacitors II II

Commutating Inductors It II

b) CSI ^peak ! rms

Main T h y ris to rs  and Diodes (1 .5 )  Vm "dc /  - ° - 75 'm
= 2.83kV = 167/334 amps

Commutating Capacitors 2.83kV 0/288 I DC = 83 /166 i

= 0.374 I m

c) GTO-VSI V
peak XRMS

Main T h y ris to rs  and Diodes (1 .2 5 )  VDC ( ■ * 7  2) i m

= 3.25kV t= 1 0 4 .7 5 /20 9 .5  amps



1. The s ize  and cost o f the power semiconductors w ith  
th e ir  required heat sinks w i l l  not be g re a tly  d i f ­
fe re n t fo r  the th ree  a lte rn a t iv e  systems. However, 
the GTQ, system is  expected to  involve the highest 
to ta l power semiconductor co st, and the CSI system 
would have the lowest to ta l semiconductor co st. At 
p re s e n t.it  is  estim ated th a t the to ta l parts  cost 
o f the power semiconductors and th e ir  heat sink as­
semblies would be less than 50% g rea te r fo r  the GTO 
systen than fo r  the CSI system in  production.

2. The commutating components required by the McMurray 
commutated VSI w i l l  add to  the s ize  and cost o f th is  
approach. The GTO system is  best from th is  stand­
p o in t, but the comnutating components requ ired  by 
the McMurray VSI are not believed to be an extrem ely  
s ig n if ic a n t  fa c to r  in to ta l cost and s iz e . The fa c t  
th a t the GTO system requires the la rg e s t snubber 
components and more complex gate drives reduces the 
advantage gained by th is  system due to  the absence 
o f commutating components.

3. The la rg e s t components in  a l l  three systems are the 
dc: bus f i l t e r s .  The dc bus f i l t e r  capacito rs are the  
la rg e s t s in g le  component in the VSI systems. These 
capacitors w i l l ,  probably be polypropylene-paper ac 
capacitors due to  the high voltage involved and the 
large RMS c u rre n ts . The dc bus reac to r fo r  the CSI 
is  expected to be considerably la rg e r than the dc 
f i l t e r  capacitors fo r  the VSI systems. The cost d i f ­
fe re n t ia l w i l l  not be g rea t fo r  the dc f i l t e r s ,  but 
th is  is  expected to  re s u lt  in  roughly 25% more volume 
fo r  the CSI than fo r  the GTO system, which is  expected 
to be the most compact system.

4 . The commutating cap acito r and snubber capacitors fo r  
a l l  systems must be those designed fo r  high pulse cur­
re n ts , such as General E le c tr ic  97F8500 components, or 
equal.

5. The snubber network, includ ing diodes, capacito rs and 
reac to rs , must be c a re fu lly  designed to minimize the 
power loss from these components, w hile  s t i l l  e f fe c ­
t iv e ly  l im it in g  peak voltages and sw itching losses in  
the power, semiconductor devices.

In  summary, the GTO system is  expected to  provide the most compact 
system. The co st, r e l i a b i l i t y ,  e f f ic ie n c y  and control com plexity o f a l l  
three systems are expected to be close enough to each o th er such th a t  
these facto rs  w il l  not be the bases fo r  the choice o f the p re ferred  sys­
tem. The use o f modern d ig i ta l  techniques and microprocessors in  pro­
duction systems can g re a tly  s im p lify  and reduce the cost o f contro l com­
ponents. I t  is  also expected th a t the performance o f a l l  th ree systems 
would be comparable.

Table 4 .3  presents our best judgment o f the q u a lita t iv e  comparison o f 
the three candidate systems.



TABLE 4 ,3  QUALITATIVE SYSTEM COMPARISON
I

VSI CSI GTO

COST Highest Lowest In term ediate

SIZE Interm ediate Largest Sm allest

RELIABILITY Lowest Highest In term ediate

EFFICIENCY Lowest In term ediate Highest

CONTROL COMPLEXITY S lig h t ly
G reater

S lig h t ly
Lower

In term ediate
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5 .0  CONCLUSIONS AND RECOMMENDATIONS

As a re s u lt  o f a study and an alys is  o f the candidate power co n d itio n in g -  
motor combinations fo r  s ing le  ax le  locdmotive tra c tio n  d r iv e s , a GTO voltage  
source in v e r te r -s q u ir re l cage induction motor is  recommended. We b e lieve  
th a t th is  system is  ap p licab le  to  both f re ig h t  and passenger use and th a t i t  
is  adaptable fo r  both a l l  e le c t r ic  and d iesel e le c t r ic  locom otives. The GTO 
in v e rte r  supplying a v a ria b le  frequency tra c tio n  motor is  believed to provide 
the most compact system which w i l l  also be a t  le a s t equal and s l ig h t ly  b e tte r  
than o ther possible systems from the standpoints o f co st, r e l i a b i l i t y ,  e f f i ­
ciency and performance.

During Phase I I  (the second ye a r) o f th is  research, the GTO in v e r te r -  
s q u irre l cage induction motor system w i l l  be designed to sp ec ify  a l l  s ig n i f i ­
cant parameters, and a d ig ita l  s im ulation  w i l l  be developed to demonstrate 
system performance. I t  is  also recommended th a t a low power model GTO in v e r­
te r  be designed, constructed and evaluated during Phase I I  o f th is  research. 
This would be very va luab le in assessing the losses in an u ltim a te  system, 
p o te n tia l problems w ith  using GTO devices in  series  and optimum gate d riv e  
c ir c u its .
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APPENDIX A WORK PLAN

OPTIMUM POWER CONDITIONING AND MOTOR 
COMBINATION FOR LOCOMOTIVE TRACTION

(Department of Transportation Grant DTRS 5681-C-00035)

1.0 Object
The specific object of this research is to select and 

analyze an integrated single-axle drive for modern locomo­
tives. The optimum- system will include a power conditioning 
and motor combination which has independent torque and speed 
control, rapid response, high reliability, minimum size and 
reasonable cost.

2.0 Organization
The. research will be carried out under the direction of 

Dr. Richard G.Hoft, Professor of Electrical Engineering, 
University of Missouri-Columbia, who will serve as the project 
director and principal investigator. The following graduate 
students will contribute to the study:

T. Khuwatsamrit (PhD Candidate in Electrical 
Engineering)

J. Leonard (MSEE Candidate)
D. Williams (MSEE Candidate)

Mr. Khuwatsamrit will work full-time on the project for 
two months each summer and half-time on the project during 
each academic year. Mr. Leonard will work half-time for two 
months on the research during the summer of 1981. Mr. Williams 
will work half-time on the project for two months during the 
summer of ,1981, full-time for two months in the summer of 
1982 and half-time during each academic year. Dr. Hoft will 
devote half-time for three months each summer and quarter­
time during each academic year to the research.

3.0 Description of Work
A schedule for the study is attached. The specific tasks 

and milestones are described below:
PHASE I - Select Best Candidate System

T h e  o v e r a l l  o b j e c t  o f  t h i s  p h a s e  i s  t o  i d e n t i f y  t h e
m o s t  a t t r a c t i v e  c a n d i d a t e  s y s t e m s ,  a n a l y z e  e a c h  o f  t h e s e
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systems in sufficient detail to compare them, and then 
select the traction system which is considered optimum 
for a single-axle locomotive drive.

Task 1 - Define Space and Mechanical Limitations
During this task, locomotive manufacturers 

and users will be contacted to obtain informa­
tion on space and mechanical constraints.

Milestone #1 - Visit two locomotive manufacturers.
Milestone #2 - Define space available, power input, 
output shaft requirements and other key mechanical 
limitations for power conditioning and traction 
motor.

Task 2 - Estimate Maximum Horsepower per Axle
Using the space and mechanical constraints and 

basic design relationships for the power conditioning 
and traction motor, the maximum horsepower per axle 
will be determined.

Milestone #3 - Define makimum horsepower which 
can be.delivered per axle.

Task 3 - Identify Candidate Systems
This task will involve the determination of all 

systems which presently appear feasible to meet the. 
requirements.

Milestone #4 - List and describe the candidate 
systems.

Task 4 - Select Optimum System
• As a result of an overall analysis of each candid­

ate system and a detailed comparison of the relative 
merits of each, the single'system considered optimum 
will be selected.

Milestone #5 - Define the optimum system, in- 
. eluding a block diagram and rating information 
on major components.

Task 5 - Prepare Phase I Report
Milestone #6 - Complete Phase I report.
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PHASE II - Develop Digital Computer Simulation and Analyze 
Optimum System

During this second phase, the system selected will be 
designed on paper to define all significant parameters, and 
then a digital computer simulation will be devised and run 
to aid in design refinements and to demonstrate performance.

Task 6 - Develop Mathematical Model for Digital 
Simulation

A mathematical model will be devised which 
accurately represents the system and which does not 
require excessive computer time.

Milestone #7 - Complete block diagram and 
program listings for simulation.

Task 7 - Design Motor and Power Conditioning Unit
This task will require the basic design of the 

motor and PCU - including torque and speed require­
ments, ratings, overall circuit diagrams and a 
possible packaging scheme.

Milestone #8 - Complete motor design.
Milestone #9 - Complete PCU design.

Task 8 - Analyze the Integrated Single-Axle Drive 
System

The computer simulation will be used to verify 
and refine design parameters and to demonstrate 
system performance.

Milestone #10 - Complete simulation runs to 
demonstrate performance.

Task 9 - Prepare Final Report
Milestone #11 - Complete final report.

The expected results of the research will be the definition 
of an optimum power conditioning and motor combination, including 
a detailed system design and specification of major components, 
and simulation results to show the performance possible with the 
optimum system.

Richard G. Hoft 
Principal Investigator 
June 29, 1981



SCHEDULE

START
(6 /1 /8 1 )

PHASE I -  Select Best Candidate System

Task 1 Define Space & Mechanical 
L im ita tio n s

. Task 2 Estimate Maximum Horse­
power per Axle

Task 3 Id e n tify  Candidate Systems 

Task 4 Select the Optimum System 

Task 5 Prepare Phase I Report

PHASE I I  - Develop D ig ita l Computer 
Sim ulation and Analyze 
Candidate System

Task 6 Develop Mathematical Model 
fo r  D ig ita l S im ulation

Task 7 Design Motor and Power
* Conditioning U n it

Task 8 Analyze the In teg rated
S ing le -A xle Drive System

Task 9 Prepare Comprehensive 
Final Report



FINISH
(5 /3 1 /8 2 ) (5 /3 1 /8 3 )

V



21

APPENDIX B SUMMARY OF 
VISIT TO GM-EMD , LAGRANGE, ILLINOIS 

JULY 22, 1981

The following is a brief summary of the visit by R. Hoft,
T. Khuwatsamrit, J. Leonard and D. Williams to GM-EMD on July 
22, 1981. We were the guests of Eric Sjokvist, arriving in his 
office about 9:00 AM and completing our visit about 4:00 PM.
The visit included a very informative slide presentation by Mr. 
Sjokvist, a tour of the manufacturing building and a conference 
with Mr. Sjokvist's staff.

1. The first locomotive propulsion systems using 
three phase traction motors were constructed 
in the early 1900's. However, these were not 
of much practical interest. As a result of 
the availability of large thyristors, consid­
erable research and development activity began 
in the 1960's on power electronic ac drive 
systems for locomotives and urban transit cars. 
Experimental three phase, variable frequency 
thyristor ac propulsion systems for locomo­
tives have been built by Brush Electric (Eng­
land) , WABCO-Reliance (Cleveland), Russia,
France and Germany. The graph labeled slide
3 shows the worldwide increase in the number 
of three phase thyristor traction systems for 
locomotives since they first appeared in about 
1965.* Currently there are nearly 90 such 
locomotives in existence. Approximately half 
of these have been built by the Brown Boveri 
Company (BBC) in Mannheim, Germany. In addi­
tion to these locomotives, there are about 
200 rapid transit cars in operation using three 
phase thyristor ac propulsion systems.

2. There are significant differences in manufactur­
ing philosophies in Europe and the US. The 
reproduction of Slide 13 summarizes these. Two 
additional very important points are - (1) In 
general, the railways in Europe are nationalized 
so that equipment cost is not quite as impor­
tant as in the US; (2) At least at present,

*Most of the figures included in this report are copies of 
slides which were provided to us by GM-EMD. We very much 
appreciate receipt of this information as well as all of 
the other articles and reports which they graciously pro­
vided to us.
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Slide 3

90

8 0

70
C U M U L A T I V E  N U M B E R  O F  L O C O M O T I V E S  

W I T H  T H R E E - P H A S E  T R A C T I O N  M O T O R S  

A N D  C O N T R O L  S Y S T E M S



23
Slide 13

C O M P A R I S O N  OF R A I L R O A D I N G  P H I L O S O P H I E S

U .S . C O N C E P T T E U R O P E A N  C O N C E P T 3
L O C O M O T IV E  SPEED

A X LE  LOAD  

W H E E L  D IA M E TE R  

M E C H A N IC A L  DRIVE  

M O TO R  SU S P EN S IO N

F R E I G H T  T O  7 6  MPH 

•  5 0 0 0  L B S ( Y V P I C A L )  

4 0 - 4 2  I N C H E S  

RIGID G E A R  

A X L E  HUNG

F R E I G H T  A P A S S E N G E R  
W IT H  S P E E D S T O  1 0 0  MPH

4 3 0 0 0 - 4 6 0 0 0  L B S  

4 3 . 3  DE 4 0 . 2  EL 

F L E X I B L E  O RI VE  

P R E D O M I N A N T L Y  F R A M E  HUNG
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locomotive manufacturers in Europe put a greater 
percentage of their total sales into R&D than US 
companies.

3. The main advantages of three phase thyristor pro­
pulsion systems are
a. Higher torque and output rating for the same 

size and weight.
b. No commutator or brushes.
c. Less susceptibility to adverse environments.
The major disadvantage of such propulsion systems 
is that a complicated power electronic system is 
required which results in a higher locomotive cost.

4. A summary of three phase thyristor variable fre­
quency ac traction developments in Europe is as 
follows;

Brown Boveri Locomotives since 1971
Rapid Transit since 1979

Voltage Source Inverter 
(VSI)

Siemens Rapid Transit since 1975 Current Source Inverter
(CSI)

AEG Rapid Transit since 1976 CSI
Locomotive Prototype 1980

ASEA Locomotive Prototype 1980 VSI
Mr. Sjokvist pointed out that although the current 
production capability of Brown Boveri is entirely 
VSI, most of this company's R&D expenditures in 
recent years have been devoted to the CSI technology.

5. Slide 11 summarizes GM-EMD three phase variable 
frequency thyristor traction development.

6. There may be limited applications for three phase 
ac traction during the next few years, but wide­
spread demand is likely in future years, particu­
larly when electrification is adopted. The bar 
graph (page 20) shows the current amount of elec­
trified rail miles, the number of which is in­
creasing at the rate of approximately 8 miles per day.
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S l i d e  11

T H R E E - P H A S E  T R A C T I O N  T R A N S M I S S I O N  

D E V E L O P M E N T  W I T H I N  E L E C T R O - M O T I V E

1 9 6 8 - 1 9 7 4  E M D  I n v e s t i g a t e d  a  T h r e e - P h a s e  D r i v e  for 
D i e s e l  E l e c t r i c  L o c o m o t i v e s :

E n g i n e ---- - H i g h  F r e q u e n c y  A l t e r n a t o r ----

C y c l o c o n v e r t e r ---- I n d u c t i o n  M o t o r

1 9 7 6  E M D  E v a l u a t e d  V a r i o u s  T h r e e  P h a s e  S y s t e m s
f o r  L o c o m o t i v e  P r o p u l s i o n

1 9 7 8 - 1 9 7 9  E M D  D e s i g n e d  a n d  D e v e l o p e d  a  C y c l o c o n v e r t e r  

S e l f - S y n c h r o n o u s  D r i v e  S y s t e m

S u c c e s s f u l l y  D e m o n s t r a t e d  S y s t e m  O p e r a t i o n  
in all F o u r  M o d e s

S h i p p e d  C o m p l e t e d  S y s t e m  t o  D e p a r t m e n t  of 

E n e r g y  f o r  f u r t h e r  E v a l u a t i o n
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7. There are three practical alternatives for three 
phase ac traction:

VSI - Induction Motor
CSI - Induction Motor
Cycloconverter - Synchronous Mot<br

The synchronous motor system is disadvantageous 
because of the need for slip rings, or a rotary 
transformer, and a shaft position sensor. A 
Comparison of the VSI-IM and CSI-IM is shown on 
Slide 31. GM presently prefers a: CSI-IM system.

8. The following comments and suggestions were made 
during the final discussions with Mr. Sjokvist 
and his staff:
a. In order for the project to be "realistic", 

the scope should be limited somewhat or at 
least more precisely defined than the stated 
purpose in the DOT contract.

b. Since our project is a "paper" study, all 
system performance will be based on the results 
of computer simulation. Therefore, the selec­
tion of the models representing physical com­
ponents will be crucial.

c. , A single axle study must not overlook the
critical interactions inherent in a multi­
axle locomotive.

d. The control system and motor must be consid­
ered as a single design problem. This is due 
to the fact that the peak ratings of the elec­
tronic switching devices in the power condi­
tioning unit depend upon motor parameters.
The motor leakage inductance is particularly 
important for motors rated at 200 horsepower 
or higher. Typical thyristor device ratings 
are 4,000 Volts, 1,000 Amps.

e. We Should begin with a specific Tractive Effort 
(TE) curve and then select the following types 
of specifications:

/
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S l i d e  31

ADVANTAGES AND DISADVANTAGES WITH DIFFERENT INVERTER SYSTEMS

VST
V O L T A G E  S O U R C E  I N V E R T E R

C SI
C U R R E N T  S O U R C E  I N V E R T E R

EFFICIENCY 1 ROOD •  SLIGHTLY SETTER IOIFFERENCE < l \ l

POWER FACTOI ADJUSTABLE RT INPIT SYSTEM ADJUSTABLE BY INPUT SYSTEM j

TORQUE PULSATIONS •MINIMAL (PROVEN) CAN RE REDUCED IOEGREE NOT TET 1 
OEMONSTIATEDI

POWER ELECTRONICS MORE ELECTRONICS •BASE
TYPE OF SEMICONDUCTOR SPECIAL ISHORT TURN OFF TIME) •STANOARO NIGH VOLTAGE

FAILURE RODE 

APPLICATION TO DIESEL

REQUIRES PROTECTIVE CIRCUITS 
FOR OVERLOAD

•INHERENT PROTECTION

ELECTRIC LOCOMOTIVES rPROVE! FEASIBLE IUNPROVEH)

WEIGHT AND VOLUME OF 
ELECTRICAL EQUIPMENT

IIEATEI TRAN FOR THE CSI •BASE

PRESENT EXPERIENCE •MORE EXTENSIVE FOR LOCOMOTIVES MORE EXTENSIVE FOR SAPID TRANSIT

LOCOMOTIVE COST
l______ ;______ _________________

APPROXIMATELY S \  MORE EXPENSIVE •BASE

•FAVORED IT PRESENT EXPERIENCE
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Wheel Base 4 ft. 8 in.

Wheel Diameter 40 to 42 in.
Axle Load 65,000 lbs
Maximum Speed 75 mph
Maximum Horsepower 3,000 to 4,000 hp
Number of Axles 4 or 6

f. Individual motor control is absolutely necess­
ary, because without such control as little as 
a 1% variation in wheel diameter may cause an 
induction motor to be totally unloaded. Also, 
as much as a 10% variation is possible with 5% 
or 6% being a common figure. Due to this vari­
ation, care must be taken to ensure that the 
motor housing rides 4-1/2 inches above the 
track, with no wear on the wheels, so that the 
minimum Association of American Railroads (AAR) 
profile of 2-1/2 inches can be maintained with 
the wheels fully worn.

D. Williams/R. Hoft 
September 5, 1981



A P P E N D IX  C SUM M ARY OF

VISIT TO GE, ERIE, PA, AUGUST 20, 1981
t

The following is a svimmary of the visit to General Elec­
tric, Erie, PA, by R. Hoft, T. Khuwatsamrit and D. Williams.
Hal Henderson made all of the arrangements for our visit. We 
arrived in his office about 9:00 AM and left about 3:00 PM.
Most of our time was Spent in conference with Hal Henderson,
Bob Weeks, Dave Plette and Ron Bailey. We also toured their 
manufacturing building. Many of our discussions were similar 
to those that we had with GM-EMD. This summary will not re­
peat items contained in the GM Trip Report Summary.

1. The general consensus of opinion was that we 
should carefully limit the scope of our project. 
Initially, choices must be made concerning the 
specific application of the locomotive (freight 
or passenger service), the type of locomotive 
(diesel electric or totally electric) and the 
basic type of traction motor (ac or dc).

2. It is our intent that the results of the research 
have the widest possible impact, affecting a 
large segment of the rail industry within the 
United States. Given this intention, the initial 
choices must be based on the following type of 
general information:
a. The overwhelming majority of locomotives in 

service in the US are used in freight appli­
cations. Locomotives used in freight service 
generally experience less acceleration and 
operate over a lower speed range than those 
used in passenger service. They also may 
operate for extended periods at each operat­
ing condition.

b. The number of diesel electric locomotives in 
this country far outweighs the number of 
totally electric locomotives. However, the 
diesel electric locomotives have less space 
available for power conditioning and control 
circuitry and the associated cooling equip­
ment. Even though the worldwide trend, towards 
total electrification should be considered, 
that trend in the US is not as significant
at the present time.
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c. DC traction technology has been developed 
extensively. It appears that the develop­
ment of ac traction offers the greatest 
potential for improvement of locomotive 
propulsion systems. The possibility also 
exists that even if the complete change­
over to ac traction is not economically 
feasible, there may still be a sufficient 
incentive to utilize the new technology 
for special purpose vehicles (drilling 
rigs, cranes, etc.).

Based on these facts, we feel that the initial focus of the 
project should be limited to diesel electric locomotives employ­
ing ac traction propulsion systems to be used in freight appli­
cations. As our study progresses, the basis for selection between 
alternatives will be more technical in nature. The choice between 
four or six axles on the locomotive is a good example. At first 
glance, this choice appears to have been implied when choosing 
the type of locomotive. But even at this early stage, this par­
ticular choice demands the consideration of a number of interde­
pendent selection criteria.

3. Certainly the economic cost benefit analysis will be 
the ultimate criteria for the adoption of any new 
technology. Along these lines, the efficiency of 
the propulsion system is of prime importance. Accor­
ding to Mr. Henderson, one additional percentage 
point of efficiency equates with a present worth of 
$30,000.

4. The size and weight of the propulsion system com­
ponents are both important, size usually being the 
overriding restriction. Although maximum weight is 
usually not a limiting factor, minimum weight cer­
tainly could be due to the effects of weight on the 
coefficient of adhesion of the locomotive. Typi­
cally, this coefficient is approximately 0.25.

5. The continuous horsepower rating of the locomotive 
is limited by the diesel engine. The minimum con­
tinuous speed is a function of the type of traction 
motor. At the same traction motor horsepower rating, 
the six axle locomotive provides 50% additional 
tractive effort over the four axle locomotive.

6. In terms of size and weight, both proved to be limit­
ing factors in the propulsion system design of the 
four axle locomotive. However, the six axle loco­
motive required additional ballast weight to main­
tain acceptable adhesion. Of course, these were 
conventional dc propulsion systems, and the same 
comparison may not be valid for ac traction.
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7. In terms of efficiency, assuming individual axle 
motor control, the loss of traction to a single 
axle results in a less severe efficiency reduc­
tion for the six axle locomotive compared to that 
of the four axle locomotive (17% vs. 25%). This 
is a failure mode comparison which may have more 
impact on the design of inherent redundancy than 
on the overall efficiency of the locomotive. Dis­
counting the failure mode, it may turn out that 
the four axle locomotive is the more efficient 
machine, particularly when used in freight appli­
cations where three or four locomotives are con­
nected to the same train.

8. We do not believe that the choice between a four 
or six axle locomotive can be made at this early 
stage of our project. Our primary concern is with 
a single axle propulsion system, the characteris­
tics of which will obviously depend on the basic 
locomotive parameters previously outlined. It 
would be presumptuous to make this decision until 
we have identified and compared the alternative 
propulsion systems.

9. A discussion of design strategies led to some prac­
tical ideas to aid in the comparison of propulsion 
systems. These ideas included the use of modular 
design of subsystem components; the use of a normal­
ized, per unit scheme to describe the variation of 
the propulsion system parameters; the interdepen­
dence of critical subsystem parameters preventing 
the separation of individual subsystem designs; and 
some practical guidelines to implement safety mar­
gin by the proper selection of electronic switching 
device ratings.

The use of modular design of subsystem compon­
ents offers two principle advantages. First, easily 
accessible component modules greatly facilitate main­
tenance. This is particularly important because it 
is almost a certainty that the ac traction system 
control and power conditioning circuitry will be 
more complicated than that required for the conven­
tional dc traction system. Secondly, modular design 
lends itself to the use of common technology, which, 
is desirable for the modification of an existing 
product line. Both of these factors should reduce 
the economic impact resulting from the changeover 
to the new system.
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Another valuable suggestion concerns the use 
of a normalized, per unit description of the pro­
pulsion system parameters. Using this type of 
scheme allows more flexibility in terms of space 
and mechanical limitations. Instead of rigid re­
quirements, a range of values could be more useful.
For example, a certain amount of horsepower requires 
a certain amount of packaging space for the power 
conditioning equipment. The main problem with this 
approach is that the scaling will probably not be 
linear.

It has been stated repeatedly that the inter­
dependence of the propulsion subsystem parameters 
prohibits the separate design of those subsystems.
The most obvious example is the effect of the trac­
tion motor leakage inductance on the inverter char­
acteristics. In the case of the current source 
inverter, there may be a severe load (weight) pen­
alty in order to obtain the small leakage inductance 
required for high speed operation.

The thyristor ratings are important to ensure 
a margin of safety in the PCU operation. The fol­
lowing suggestions outline the selection of the 
voltage, current and temperature ratings and the 
required turn off time of the devices.

To select the voltage ratings, two cases must 
be considered. If the voltage is a well controlled 
dc voltage, then the rating should be 1-1/4 to 1-1/2 
times the maximum voltage across the device. If the 
source is an ac line voltage, then the rating should 
be 2-1/2 times the maximum voltage across the device. 
For current and temperature ratings, calculate the 
requirements for all the possible worst case condi­
tions and select the rating to meet these require­
ments with no additional margin. To select the proper 
turn off time* calculate the worst case condition 
and then add 10%.

It is true that the power handling capability of 
thyristors has improved dramatically in recent years. 
However, too much dependence on continuing capability 
may not be wise. It seems that the power semiconduc­
tor industry has reached a plateau. Barring a sig­
nificant breakthrough in the fabrication technology, 
it is not likely that any jumps in the power handling 
capability will occur. This brings to mind the fact 
that electrification has been "just around the corner" 
for quite some time.
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10. There was some discussion of high capability gate 
turn off (GTO) thyristors. Hitachi has reported
a device with ratings of 1600V and 600A, and Toshiba 
has reported one with ratings of 2500V and 600A.
Even with significantly higher capability, the 
switching losses increase with the square of the 
current handling capability. The resulting loss in 
efficiency may be significant, possibly even pro­
hibitive in terms of adopting this new technology.

11. During the course of our visit, Mr. Henderson pro­
vided us with a large quantity of literature that 
will be very helpful in determining the space and 
mechanical limitations of the Ipcomotive. It may 
be the wisest course of action to simply select 
maximum space limitations based on the existing 
mechanical framework.

12. At this stage of our study, it seems that the most 
likely area for improvement will be the circuit 
design of the power conditioning equipment. Certain­
ly the work already done in this area is extensive, 
but we feel that it is far from exhaustive.

13. Several additional items mentioned during our dis­
cussions included:
a. The Southern Pacific Railroad appears to have 

an interest in three phase ac traction.
b. The VSI and CSI are quite close competitors.
c. A VSI system is preferred for rapid transit 

application, since dc input power is used.
d. For an all electric locomotive, it may be feasi­

ble to use 1500HP/traction motor.
e. The General Electric C712 and C713 thyristors 

are quite standard for transportation applica­
tions .

D. Williams/R. Hoft 
September 5, 1981
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D r .  P a u l  A g a r w a l  
G e n e r a l  M o t o r s  
R e s e a r c h  L a b s  
EE D e p a r t m e n t  
W a r r e n ,  M I  4 8 0 9 0

A P P E N D IX  D D IRECTORY OF P O T E N T IA L  USERS 
Q u a r t e r l y  C o n t a c t  L i s t :

M r .  A n d r e w  F o l d e s  
O t i s  E l e v a t o r  C o m p an y  
T r a n s p o r t a t i o n  T e c h n o l o g y  D i v .  
1 1 3 8 0  S m i t h  R d .

M r .  J am e s  M c C o n v i l l e  
F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n  
T r a n s p o r t a t i o n  T e s t  C e n t e r  
P u e b l d ,  CO 8 1 0 0 1

M r .  G ra h a m  W. M c L e a n  
A i R e s e a r c h  M a n u f a c t u r i n g  C o .  
D e p t .  9 3 - 7 ,  T - 4 2  
2 5 2 5  W e s t  1 9 0 t h  S t .
T o r r a n c e ,  CA 9 0 5 0 9

P . 0 .  B o x  7 2 9 3  
D e n v e r ,  CO 8 0 2 0 7

M r .  H a l  B . H e n d e r s o n  
P r o g r a m  M a n a g e r  
G e n e r a l  E l e c t r i c  C o .
2 9 0 1  E a s t  L a k e  R d .
B u i l d i n g  1 4 - 4  
E r i e ,  PA 1 6 5 3 1

D r .  L i n o s  J .  J a c o v i d e s  
G e n e r a l  M o t o r s  R e s e a r c h  L a b s  
E l e c t r i c a l  E n g i n e e r i n g  D e p t .  
W a r r e n ,  M I  4 8 0 9 0 - 9 0 5 5

D r .  G e r a l d  K l i m a n  
G e n e r a l  E l e c t r i c  C o .
R e s e a r c h  & D e v e l o p m e n t  C e n t e r  

P . 0 .  B o x  4 2  
B u i l d i n g  3 7 ,  Room 2 0 7  
S c h e n e c t a d y ,  NY 1 2 3 0 1

D r .  S t e p h e n  B . K u z n e t s o v  
W e s t i n g h o u s e  E l e c t r i c  
E l e c t r o t e c h n o l o g y  D e p t .
B u i l d i n g  4 1 - 4 A 5  

1 3 1 0  B e u l a h  R d .
P i t t s b u r g h ,  PA 1 5 2 3 5

P r o f e s s o r  E .  L e v i  
P o l y t e c h n i c  I n s t i t u t e  o f  New Y o r k  
3 3 3  J a y  S t r e e t  
B r o o k l y n ,  NY 1 1 2 0 1

M r .  F r a n k  L .  R a p o s a ,  C h i e f  
E l e c t r i c a l  P o w e r  & P r o p u l s i o n  B r a n c h  
R e s e a r c h  & S p e c i a l  P r o g r a m s  A d m i n i s t r a t i o n  
US D e p t ,  o f  T r a n s p o r t a t i o n  
T r a n s p o r t a t i o n  S y s t e m s  C e n t e r  
K e n d a l  S q u a r e  
C a m b r i d g e ,  MA 0 2 1 4 2  
A t t n :  D T S - 7 4 2

M r .  E r i c  H . S j o k v i s t  
M a n a g e r  -  A d v a n c e  E n g i n e e r i n g  
E l e c t r o m o t i v e  D i v i s i o n  
G e n e r a l  M o t o r s  C o r p o r a t i o n  

L a G r a n g e ,  I L  6 0 5 2 5

M r .  J o h n  S t i c k l e r
E l e c t r i c a l  P o w e r  & P r o p u l s i o n  B r a n c h
R e s e a r c h  & S p e c i a l  P r o g r a m s  A d m i n s t r a t i o n
US D e p t ,  o f  T r a n s p o r t a t i o n
T r a n s p o r t a t i o n  S y s t e m s  C e n t e r
K e l d a l  S q u a r e
C a m b r i d g e ,  MA 0 2 1 4 2
A t t n :  D T S - 7 4 2

P r o f e s s o r  L a r r y  M . S w e e t  
A s s o c i a t e  D i r e c t o r ,  T r a n s p o r t a t i o n  

P r o g r a m
D e p t ,  o f  M e c h a n i c a l  E n g i n e e r i n g  
T h e  E n g i n e e r i n g  Q u a d r a n g l e  
P r i n c e t o n ,  NJ 0 8 5 4 4

M r .  T .  M a c i e
J e t  P r o p u l s i o n  L a b o r a t o r y  

4 8 0 0  O ak  G r o v e  D r .
P a s a d e n a ,  CA 9 1 0 0 3  T h i s  c o n c l u d e s  t h e  Q u a r t e r l y  C o n t a c t  L i s t .
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M r .  G e o r g e  H . B a r k e r  
C h i e f  M e c h a n i c a l  O f f i c e r  
Soo L i n e  R a i l r o a d  C om pany  
S o o  L i n e  B u i l d i n g  
B ox 5 3 0
M i n n e a p o l i s ,  MN 5 5 4 4 0

M r .  A .  J .  B e n n e t  
D i r e c t o r ,  E l e c t r i c a l  &

E l e c t r o n i c  R e s e a r c h  
G o u ld  L a b o r a t o r i e s  
4 0  G o u l d  C e n t e r  
R o l l i n g  M e a d o w s ,  I L  6 0 0 0 8

M r .  J .  N .  B i r k  
D i r e c t o r  o f  E n g i n e e r i n g  & 

M a n a g e m e n t  S e r v i c e s  
D u l u t h ,  M i s s a b e  a n d  I r o n  R a n g e  

R a i l w a y
5 0 0  M i s s a b e  B l d g .
2 2 7  W e s t  F i r s t  S t .
D u l u t h ,  MN 5 5 8 1 0

M r .  W. F .  B o l l  a
M a n a g e r  -  R e s e a r c h  & P l a n n i n g
I l l i n o i s  C e n t r a l  G u l f  R a i l r o a d
Two I l l i n o i s  C e n t e r
2 3 3  N o r t h  M i c h i g a n  A v .
C h i c a g o ,  I L  6 0 6 0 1

N .  E .  B o r n  
G e n e r a l  E l e c t r i c  C o .
S p e e d  V a r i a t o r  D e p t .
B u i l d i n g  6 3 - 2 W  
3 0 0 T E .  L a k e  R d .
E r i e ,  PA 1 6 5 3 1

M r .  F .  D .  C h e n e y ,  O r .
C h i e f  M e c h a n i c a l  O f f i c e r  
D e l a w a r e  a n d  H u d s o n  R a i l w a y  C o .  
W a t e r v l i e t ,  NY 1 2 1 8 9

M r .  H .  C .  C h r i s t i e  
C h i e f  M e c h a n i c a l  O f f i c e r  
P i t t s b u r g h  a n d  L a k e  E r i e  R a i l r o a d  

Room 5 3 4
P & LE  T e r m i n a l  B u i l d i n g  

P i t t s b u r g h ,  PA 1 5 2 1 9

M r -  J .  E .  C l a n c y
C h i e f  M e c h a n i c a l  O f f i c e r
D e n v e r  a n d  R i o  G r a n d e  W e s t e r n  R a i l r o a d
PO Box 5 4 8 2
D e n v e r ,  CO 8 0 2 1 7

M r .  P . C u s h in g  J r .
C h i e f  E n g i n e e r  
G. K. H e l l e r  C o r p .
7  M a y f l o w e r  P l a c e  
F l o r a l  P a r k ,  NY 1 1 0 0 1

M r .  W. J .  G r a b s k e
V i c e  P r e s i d e n t  -  E q u i p m e n t
B o s t o n  a n d  M a i n e  C o r p o r a t i o n - D e b t o r
I r o n  H o r s e  P a r k
N . B i l l e r i c a ,  MA 0 1 8 6 2

D a v i d  C .  H a m i l t o n  

R am s e y  C o n t r o l ,  I n c .
3 3 3  R t .  17  

M a h w a h ,  NJ 0 7 4 3 0

M r .  H a l  H a r t
M a n a g e r  o f  E n g i n e e r i n g
C o n t r o l  P r o d u c t s  C o r p o r a t i o n
AC D r i v e  D i v i s i o n
4 4 3 1  W. D i v i s i o n  S t .
C h i c a g o ,  I L  6 0 6 5 1

M r .  M i c h a e l  S .  H u t k i n
M a n a g e r ,  D r i v e  D e v e l o p m e n t  E n g i n e e r i n g
G e n e r a l  E l e c t r i c  C o .
D r i v e  S y s t e m s  D e p a r t m e n t  
1 5 0 1  R o a n o k e  B l v d .
S a l e m ,  VA 2 4 1 5 3

D e n n i s  O a r c  
R e l i a n c e  E l e c t r i c  C o .
2 4 8 0 0  T u n g s t e n  R d .
C l e v e l a n d ,  OH 4 4 1 1 7

M r .  L .  H . K e i r s t e a d  
D i r e c t o r  o f  F r e i g h t  L o c o m o t i v e  

M a i n t e n a n c e
B o s t o n  a n d  M a i n  C o r p o r a t i o n - D e b t o r  
I r o n  H o r s e  P a r k  

N . B i l l e r i c a ,  MA 0 1 8 6 2
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F .  N . K l e i n
I n d u s t r i a l  D r i v e s  O p e r a t i o n s  

E a t o n  C o r p .
3 1 2 2  -  1 4 t h  A v .
K e n o s h a ,  WI 5 3 1 4 1

M r .  L a w r e n c p  W. L a n g l e y  
V i c e  P r e s i d e n t  -  E n g i n e e r i n g  

I n l a n d  M o t o r
D i v i s i o n  o f  K o l l m o r g e n  C o r p .
501  F i r s t  S t .
R a d f o r d ,  VA 2 4 1 4 1

M r .  B .  E . L e w is  
C h i e f  M e c h a n i c a l  O f f i c e r  
D u l u t h ,  M i s s a b e  a n d  I r o n  R a n g e  

R a i l w a y
P r o c t o r ,  MN 5 5 8 1 0  

R o b e r t  B . M aa g
L o u i s  A l l i s  D r i v e s  & S y s t e m s  D i v .  
L i t t o n  I n d u s t r i a l  P r o d u c t s ,  I n c .  
1 6 5 5 5  W e s t  R y e r s o n  R d .
New B e r l i n ,  WI 5 3 1 5 1

I .  M. M a c D o n a ld  
E m e rs o n  E l e c t r i c  
3 3 0 0  S .  S t a n d a r d  S t .
S t .  A n a ,  CA 9 2 7 0 2

M r .  T .  D . M aso n  
C h i e f  M e c h a n i c a l  O f f i c e r  
T h e  A t c h i s o n ,  T o p e k a ,  a n d  

S a n t a  Fe  R a i l w a y  C om pany  

1 0 0 1  NE A t c h i s o n  S t .
T o p e k a ,  KS 6 6 6 1 6
A t t n :  M r .  J .  L .  H a t f i e l d

M r .  J .  F .  M cD o n ou g h ,
C h i e f  M e c h a n i c a l  O f f i c e r  
U n i o n  P a c i f i c  R a i l r o a d  
M e c h a n i c a l .  D e p a r t m e n t  
1 4 1 6  D o d g e  S t .
O m a h a ,  NE 6 8 1 7 9

M r .  J i m  M i s c h i c k  
S e n i o r  D e s i g n  E n g i n e e r  
L o c o m o t i v e  D e p t .
B e s s e m e r  a n d  L a k e  E r i e  R a i l r o a d  

6 0 0  G r a n t  S t .
P0  B o x  5 3 6
P i t t s b u r g h ,  PA 1 5 2 3 0

M r .  R .  W. M u s t a r d
C h i e f  M e c h a n i c a l  O f f i c e r
T h e  W e s t e r n  P a c i f i c  R a i l r o a d  C o .
5 2 6  M i s s i o n  S t .
San F r a n c i s c o ,  CA 9 4 1 0 5

M r .  D .  B . O l i n
M a n a g e r  -  E n g i n e e r i n g  S e r v i c e s  
D u l u t h ,  M i s s a b e  a n d  I r o n  R a n g e  R a i l w a y  
2 0 0  M i s s a b e  B l d g .
2 2 7  W e s t  F i r s t  S t .
D u lu th ,  MN 5 5 8 1 0

R i c h a r d  H. Osman  
R o b i c o n  C o r p .
1 0 0  S a g a m o re  H i l l  R d .
P i t t s b u r g h ,  PA 1 5 2 3 9

E r l  a n d  K. P e r s s o n  
E l e c t r o - C r a f t  C o r p .
1 6 0 0  S e c o n d  S t .  S o u t h  
H o p k i n s ,  MN 5 5 3 4 3

D a v i d  P l e t t e  
G e n e r a l  E l e c t r i c  C o .
DC M o t o r  & G e n e r a t o r  D e p t .
3 0 0 1  E . L a k e  R d .
E r i e ,  PA 1 6 5 3 1

C h a r l e s  E .  R e t t i g
L o u i s  A l l i s  D r i v e s  & S y s t e m s  D i v .
L i t t o n  I n d u s t r i a l  P r o d u c t s ,  I n c .
1 6 5 5 5  W e s t  R y e r s o n  R d .
New B e r l i n ,  WI 5 3 1 5 1

M r .  M . F .  R i s t e r
A s s t .  V i c e  P r e s i d e n t  -  M e c h a n i c a l  
M i s s o u r i - K a n s a s - T e x a s  R a i l r o a d
101 E .  M a i n  S t .
D e n i s o n ,  TX 7 5 0 2 0

M r .  A .  M . S c h u h
A s s t .  V i c e  P r e s i d e n t  -  M e c h a n i c a l  
C h e s s i e  S y s t e m  R a i l r o a d s  
O p e r a t i n g  H e a d q u a r t e r s  B l d g .
8 01  M a d is o n  A v .
H u n t i n g t o n ,  WV 2 5 7 0 4



D r .  C l e m e n t  S k a ! s k i  
O t i s  E l e v a t o r  C om pany  
R e s e a r c h  & D e v e l o p m e n t  C e n t e r  
5 F a rm  S p r i n g s  
F a r m i n g t o n ,  CT 0 6 0 3 2

M r .  C .  B . S m i t h
A s s t .  V i c e  P r e s i d e n t  -  M e c h a n i c a l  
C h i c a g o ,  M i l w a u k e e ,  S t .  P a u l ,  

a n d  P a c i f i c  R a i l r o a d  C o .
P0. Box 781  
M i l w a u k e e ,  WI 5 3 2 0 1

M r .  R . E . T a y l o r
A s s t .  V i c e  P r e s i d e n t  -  M e c h a n i c a l  
B u r l i n g t o n  N o r t h e r n  
1 7 6  E a s t  5 t h  S t .
S t .  P a u l ,  MN 5 5 1 0 1

M r .  V .  R . T e r r i l l  
V i c e  P r e s i d e n t  -  E n g i n e e r i n g  
B o s t o n  & M a i n  C o r p o r a t i o n - D e b t o r  
I r o n  H o r s e  P a r k
N. B i l l e r i c a ,  MA 0 1 8 6 2

M r .  F r a n c i s  T .  T h om pson  
M a n a g e r ,  E l e c t r o n i c s  T e c h n o l o g y  D i  
W e s t i n g h o u s e  E l e c t r i c  C o r p .  
R e s e a r c h  & D e v e l o p m e n t  C e n t e r  
1 3 1 0  B e u la h  R d .
P i t t s b u r g h ,  PA 1 5 2 3 5

M r .  M. L .  W a l l
S u p e r i n t e n d e n t ,  M o t i v e  P o w e r  
M i s s o u r i  P a c i f i c  R a i l r o a d  
M i s s o u r i  P a c i f i c  B u i l d i n g  
2 1 0  N . 1 3 t h  S t .
S t .  L o u i s ,  M0 6 3 1 0 3

H e n r y  W. W e a r s c h  
R e s e a r c h  C e n t e r  
R e l i a n c e  E l e c t r i c  C o .
2 4 8 0 0  T u n g s t e n  R d .
C l e v e l a n d ,  OH 4 4 1 1 7
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A P P E N D IX  E A N A L Y S IS  OF MCMURRAY V S I - I M

T h e  a n a l y s i s  o f  t h e  s y s t e m  i n  F i g u r e  1 i s  d o n e  i n  t w o  p a r t s  

S e l e c t i o n  o f  c o m m u t a t i o n  c o m p o n e n ts

I n d u c t i o n  m o t o r  s t e a d y - s t a t e  p e r f o r m a n c e  w i t h  PWM v o l t a g e  
s o u r c e

E . l  S e l e c t i o n  o f  C o m m u t a t io n  C o m p o n e n ts

T h e  c o m m u t a t i o n  c i r c u i t  i s  o n e  o f  t h e  m a in  c o n s i d e r a t i o n s  i n  e v a l u a t ­
i n g  t h e  v o l t a g e  s o u r c e  i n v e r t e r .  I t  i s  a n  i m p o r t a n t  f a c t o r  i n  t h e  e f f i c i e n c y ,  
v o lu m e  a n d  w e i g h t  o f  a  p o w e r  c o n d i t i o n i n g  u n i t  ( P C U ) .  O p t i m i z a t i o n  o f  t h e  
M c M u r r a y  i n v e r t e r  c a n n o t  b e  d o n e  w i t h o u t  c o n s i d e r i n g  t h e  c o m m u t a t i o n  c i r c u i t .

T h e  c o m m u t a t i o n  o p e r a t i o n  o f  a  s i n g l e  p h a s e  M c M u r r a y  i n v e r t e r  i s  d e ­
s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  P e a k  c o m m u t a t i o n  c u r r e n t ,  p e a k  c o m m u t a t i o n  
c a p a c i t o r  v o l t a g e  a n d  t u r n - o f f  t i m e  a r e  m a in  c o n c e r n s  i n  c o m m u t a t i o n  c i r c u i t  
d e s i g n .

E . l . 1  D e r i v a t i o n  o f  E q u a t i o n s  f o r  M c M u r r a y  C o m m u t a t io n  C i r c u i t

G e n e r a l  E q u a t i o n s  f o r  RLC C i r c u i t  ( S e r i e s )

R*
U) "  p| t

s i n  ( w t )  -  i ^ ( 0 )  e  ■ s i n  (w t-< j>)

v c ( t )  = E -  ~  [ E - v c ( 0 ) ]  e s in (a )t+ < j> )  +  — " e  L s i n ( w t )
1L(0J -2l_t■■ — -- O

w h e r e

= wo / y /  1 + ( 1 / 2 Q ) 2

a n d 4. = t a n " 1 ( 2 c o L /R )
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I n t e r v a l  -> tQ

F i g .  E l :  I n i t i a l  c o n d i t i o n  a t  t

Q1 and Q4 a r e  c o n d u c t i n g .

I n t e r v a l  t  -»■ t ,  o 1

o~-

+

V ,

Q1A ai

•— 1(-

l LOAP

At----- W -

Q4

Ch---:---------------------- :--------------- :----- :----:----------------

F i g .  E2 : E q u i v a l e n t  c i r c u i t  f o r  i n t e r v a l  t ^ t - j

I n i t i a l  c o n d i t i o n s  f o r  c o m m u t a t io n  c i r c u i t :

E = 0  ( V ) ,  v c ( 0 )  = - V dc ( v ) ,  1 L ( 0 )  = 0  ( A )

v __
i m p l i e s  i ^ ( t )  = e  ^  s i n ( o ) t )

w “ 2 L U
and v ^ ( t )  = ^  Vd(. e  s;in(wt+<J>)

f o r o<t<(t1- t Q)
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F i g .  E 3 :  W a v e f o r m s  o f  a n d  f o r  i n t e r v a l  t Q- t . |

A ssu m e n e g l i g i b l e  r i p p l e  i n  i ' l o a d  a n d  h i g h  Q.

I n t e r v a l  t . j  +  t ^

Vdc
+ v ->■

\ — w -

----------r

i ♦
___________:______ i _ — _

F i g .  E 4 :  E q u i v a l e n t  c i r c u i t  f o r  i n t e r v a l  t - j - t g

I n i t i a l  c o n d i t i o n s :  i ^ ( 0 )  =  i i o a ( j

a s s u m e  n e g l i g i b l e  r i p p l e  i n  i - j o a d

i m p l i e s i L ( t )  -  1"L ( o )  ■ i l o a d

a n d

i l 6 a d ( t )
v C < t >  -  v c < 0 )  +  l 0 ^ d

f o r 0 < t <  ( t 2 ~ t - | )

w h e r e v c ( ° )  - . * c ( t 1 )

T e r m i n a t i o n  c o n d i t i o n :  VD 2 > 0
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t

F i g .  E5 : W a v e fo rm  o f  v a n d  i ,  f o r  i n t e r v a l  t  - t „
c l  o Z

I n t e r v a l  t  ̂ t ^

o-

Q. 1A ^ *10AJ>

M r ^ H ( ------- ---------

P.2 A

Q ---r-

x t 4” K  G 4

F i g .  E6:

i m p l i e s

E q u i v a l e n t  c i r c u i t  f o r  i n t e r v a l  t g - t ^  

I n i t i a l  c o n d i t i o n s  f o r  c o m m u t a t io n  c i r c u i t :

E = Vd c ’  i L ^ 0  ̂ = V V ’  VC ( ° >  = V V

• / V  E_VC ( 0 )  ' W *  w
i L ( t )  = — -------  e  ZL *1 */'..+ ) -  /n \  ~ 2Ls i n ( o i t )  -  jj2. i L ( o )  e  s in ( c o t - t j ) )

and
UJ

v r ( t )  = E -  [ E - v r ( 0 ) ]
Rt

t l1 1,(0) - o r t
s i n  (cot+tj)) +  ^  e  s i n ( w t )

f o r OctcCtg-tg)

T e r m i n a t i o n  c o n d i t i o n :

i L ( t 3 ) = 0

C o m m u ta t io n  p r o c e s s  i s  c o m p l e t e d .
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E .lo2  Design Inform ation

With the fo llow in g  assumptions

-  N eg lig ib le  r ip p le  in  load cu rren t during commutation in te rv a l

-  Commutation capacitor voltage is  i n i t i a l l y  a t  dc bus voltage

-  N eg lig ib le  resistance in commutation c ir c u it

the peak v o lta g e , peak current and tu rn -o f f  time can be w r itte n  as

v + 1 load 
vC,peak vdc wQC (1)

Vdc
Upeak (2)

(3)

where

Vdc = ^us v° l ta 9e (V) minimum 

load = loa(* current (A) maximum
L = commutation inductance (H)

C = commutation capacitance (F) 

wQ = 1/VnT  (rad /sec )

I f  two parameters are defined as
K = y .P e a k  

0 ’ load'

and
L,peak

then ( 1 ) ,  (2 ) and (3 ) become

(4)
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4  = (5 )

and
TT
2

(6 )

Equations ( 4 ) ,  (5 ) and (6 ) are p lo tte d  using a lo g -lo g  sc a le , from the modi­
f ie d  equations

log 'C,peak
Vdc

-  log K0 (7)

log L = 2' log K-j + log C (8 )

log tg -  { lo g  [j s in " 1 ^ ) ]  + log 2} = -  log K1 + log L (9 )

The graphs o f ( 7 ) ,  (8 ) and (9 ) are shown in  F ig . E7. These are fa m ilie s  o f 
s tra ig h t l in e  curves which are easy to produce and can be used as a f i r s t  guide 
in  se lec tin g  the commutation c i r c u i t  components.

In order to determine how w ell the approximations used to develop F ig . E7 
compare to the actual, s itu a t io n , a d e ta ile d  sim ulation was done w ith  the only 
assumption th a t there is  no r ip p le  in  the load c u rre n t. The re s u lts  are shown 
in  Tables El through E5. The program lis t in g s  fo r  the sim ulation  are shown in  
the next section . I t  is  noted th a t i f  the in i t i a l  vo ltage across the commuta­
tio n  capacito r is  equal to the dc bus vo ltag e , which is  v a lid  fo r  the m odified  
McMurray in v e r te r , w ith Q fa c to r  higher than 10, the d iffe ren ce s  between the 
approximate resu lts  and those obtained from more d e ta ile d  sim ulation  stay w ith ­
in  10% fo r  e ith e r  peak v o lta g e , peak cu rren t or tg . The approximation is  in ­
accurate fo r  the cases where the i n i t i a l  voltage is  g re a te r than 1.25V^ .
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Q = 10
vci = i .o v dc VC,peak(V) ! i.,peak(A ) t q(ysec)

L(yH) C(yF)
More
D e ta il
S im ulation

Approxi­
mate . 

Result

%
D if f e r ­

ence

More
D e ta il
Sim ulat

Approx.
Result

%
D if f .

More
D e ta il
Sim ulat,

Approx.
Result

%
D i f f .

100 100 1830 1900 -3 .8 2 926 1000 -7 .9 9 48 .0
.

90.2 -8 .7 9

100 200 1585 1636 -3 .2 2 1310 1414 -7 .9 4 230.5 "249.2 -8 .11

100 300 1480 1520 -2 .7 0 1605 1732 -7 .91 338.0 354.9 ■ -5 .0 0

100 400 1414 1450 -2 .5 4 1852 2000 -7 .9 9 425.9 447.6 -3 .6 9

75 400 1359 ‘1390 -2 .2 8 2140 2309 -7 .9 0 393.9 405.5 -2 .9 4

50 400 1295 1318 -1 .7 8 2620 2828 -7 .9 4 . 345.0 352.7 -2 .2 3

25 400 1208 1225 -1 .41 3706 4000 -7 .9 3 265.5 268.8 -1 .2 4

Table El

cri



Q = 50
VCI = ioOVdc VC,peak(V)' *L,peak(A) tq(ysec)

L(yH) C(yF)
D e ta il
Simu­
la t io n

Approx.. 
Result

<V
/o

D if f .

D e ta il
Simu­
la t io n

Approx. 
Result

%
D i f f .

D e ta i1 
Simu­
la t io n

Approx. 
Result

%
D i f f .

100 100 1886 1900 . -0o74 984 1000 -1 .6 3 83 .5 90.2 -8 .0 2

100 200 1628 1636 -0 .4 9 1392 1414 -1 .5 8 245.0 249.0 -1 .71

100 300 1512 1520 -0 .5 3 1705 1732 -1 .5 8 351.5 354.9 -0 .9 7

100 400 1443 1450 -0 .4 8 1968 2000 -1 .6 3 438.4 441.6 -0 .7 3

75 400 1382 1390 -0 .5 8 2272 2309 -1 .6 3 402.9 405.5 -0 .6 4

50 400 1313 1318 -0 .3 8 2784 2828 -1 .5 8 351.5- 352.7 -0 .3 4

25 400 1222 1225 -0 .2 4 3934 4000 -1 .6 8 268.0 268.8 -0 .3 0

Table E2

>4



f

Q =
VCI =

100

^ d c
^C,peak(V) *L,peak(A) tq (ysec)

L(uH) C('yF)
D e ta il
Simu­
la t io n

Approx. 
Result ! ‘ i f f .

D e ta il
Simu­
la t io n

Approx. ! 
Result

%
D i f f .

D e ta il
Simu­
la t io n

■
Approx. 
Result

<y •
Jo

D if f .

100 100 1895 1900
■

-0 .2 6
..

991 1000 -0 .91 87 .0 90.2 -3 .6 8

100
'

200
-

1629 1636 -0 ,4 3 1403 1414 -0 .7 8 247.5 249.2 -0 .6 9

100 300 1514 1520 -0 .4 0 | 1718 1732 -0.81 353.5 354.9 -0 .4 0

100 400 1446 1450 -0 .2 8 1983 2000 -0 .8 6 439.9 441.6 -0 .3 9

75 400 1388 1390 -0 .1 4 2290 2309 -0 .8 3 404.4 405.5 -0 .2 7

50 400 1316 1318 -0 .1 5 2806 f 2828 -0 .9 6 352.0
•
352.7 -0 .2 0

25 400 1222 1225 -0 .2 4 3964 4000 -0 .91 268.5 | 268.8 -0 .11

Table E3

•t*00



Q = 100 
VCI =. 1.25Vdc

VC,peak(V) *L,peak(A) tq (ysec)

L(yH) 'C(yF)
D e ta il
Simu-
la t io n

Approx^
Result

%
D if f .

D e ta il
Simu­
la t io n

Approx. 
Result

%
D if f .

D e ta i1 
Simu­
la t io n

Approx. 
Result

%
D if f .

100 . 100 1893 1900 -0o37 1240 1000 19.35 152.0 90.2 40.66

100 200 1632 1636 -0 .3 7 1754 1414 19.38 292.0 249.2 14.66

100 300 1527 1520 0.46 2146 1732 19.29 394.4 354.9 10.02

100 400 1468 1450 1.23 2480 2000 19.35 479.9 441.6 7.98

75 400 1419 1390 2.04 2864 2309 19.38 432.9 405.5 6.33

50 400 1363 1318 3.30 3504 2828 19.29 371.0' 352.7 4.93

25 400 1300 1225 5.77 4959 4000 19.34 277.5 268.8 3.14

Table E4

-p >ID



Q = 100 
VCI = l o50Vdc

^C,peak(V)

,

^ jp e a k lA )

----------:------------>------ ------------- >----

tq (ysec)

L(uH) C(uF)-
D e ta il
Simu­
la t io n

Approx.
Result

%
D if f .

D e ta il 
Simu- 
1 a tio n

Approx. 
Result

%
D i f f .

D e ta il
Simu­
la t io n

Approx. 
Result

%
D if f .

100 100 1910 1900 0.52 1488 1000 32.80 184.0 90.2 50.98

100 200 ■ 1709 1636 4.27 2102
■

,1414 32.73 319.0 249.2 21.88

100 300 1638 1520 7.20 2578 i 1732 32.81 420.9 354.9 | 15.68

100 400 1599 1450 9.32 2976 2000 " 32.80 505.4 441.6 12.62

75 400
■

1569 1390 11.41 3433 2309 32.74 452.4 405.5
'

10.37

50 400 1536 1318 14.19 4206 2828 32.76 J 383.5- 352.7 8.03

25 400 1502 1225 18.44 5953 4000 32.81 j 283.5 268.8 5.18

Table E5

UlO



E. 1 .3  McMurray Commutation C irc u it  Sim ulation Program

/

■%!

% J O t i
1
2
3
4

C
5
6
7
8

C
9

1 0
I  1
1 2
1 3
1 4
1 5
1 6

c
c

1 7
1 8

c
1 9

c
2 0
2 1
2 2
2  3
2 4
2 5

2 6
27
2 8
2 y
3 0
31
3 2
3 3
3 4
3 5
3 6  
3 /  
3 8  
3V
4 0
4 1
4 2

4 3
4 4
4 5
4 6
4 7
4 8
4 9
5 0
5 1

R E  A l  L . 1 L O A D  . 1 1 ,  I  L  1 .  1 WI AK
H E A L  I  1 M E ( 2 0 0 > , C U R R ( 2 0 0 )  , V C ( 2 0 0 )
I N T E G E R  P M A X  
D O  2 0  0  0  K K = 1  i 7 

R E A D  C I R C U I T  P A R A M E T E R S  
K E A D ( 5 . 1 0 )  C . L . O  

1 0  F O R M A T < 4 < 5 X . t 1 5 . 4 ) )
H E A D ! 5 . 2 0 1  V D C . I L O A D  

2 0  F  G RM A T ( 8 F 1 0 . 0  )
C A L C U L A T E  M O D I F I E D  P A R A M E T E R S  

P M A X  =  2  b
4 0 = 1 . 0 / S Q R T < L * C )
W T E M P = 1  . 0 + < 0 . 5 / Q ) * * 2  
4 = 4 0 / S Q R T ( 4 T E M P )
P H I = A T  A N ( 2 . 0 * Q )
A L P H A = 0 . 5 * W / Q  
R =  2  . 0  *  A U P  H A *  L  „
V C  1 =  1 . 0 0 * V I ) C

I N T E R V A L  T O  -  T1 
C O M P U T E  I I

C A L L  C M P T 1 ( T I » V C I » I L O A D  » 4  » L  .  A L P H A  » T 1 0 )
T 0 0 = I 1 — T 1 0

C O M P U T E  D E L T 1 
D E L T 1 = T l / P M A X

S T A R T  C O M P U T E  C U R M  A N D  V O L T A G F .
T = 0 .  O
D O  1 0 0  I =  1 o P M A X  
T 1 M E ( I ) = T
C U R H ( 1 ) = V C I * E X P ( - A L P H A * I ) * S I N ( W * T ) / ( W * L >  
V C ( I > = - W 0 * V C 1 * E X P ( - A L P H A * T ) * S I N ( W * T + P H 1 > / W  

1 0 0  T =  T + D E L  T 1
I N T E R V A L  T 1 -  T 2  

V C 0 = V C ( P M A X )
I L = C U R W ( P M A X )
1 N D E  X = P M A  X
D F  = - V C O  * A L P H A * E X P ( - A L P H A * T 1 * S I N ( 4 * T  1 / ( 4 * L 1 
D F = O F  + V C O * I . X P ( - A L P H A * T ) * C O S (  4 * T ) / L  
V D 0 = V D C - l L * R - L * D F - V C 0  

2 0 0  I F ( V D 0 . L E . 0 . 0 )  G O  T O  3 0 0
1 F I  I N D E X . G T . 1 0 0 0 )  G O  T O  9 9 9
I N D E X - I N D E X + - 1
C U R H  ( I N D E X - )  = 1  L O A D  .
T I M E ( I N D E X ) = I N D E X * D E L T 1 

" V C 1 = V C 0 + I L O A D 4 D E L T I / C  
V C ( l N D E  X ) =  V C 1 
V C 0 = V C 1
I L = C U R R  < 1 N D E X  >
V D 0 = V D C - I  l _ *  R - V C O  
G O  T O  2 0 0  

I N T E R V A L  T 2  - T 3  
3 0 0  T = 0 . 0

T 0 = T I M f c ( I N D E X )
I L = C U R R ( 1 N D E X >
I L 1 = I L
V T E M P = V D C - V C 0

3 1 0  I F  ( 1 L I  , L E  . 0 . 0 )  G O  TCJ 4 0 0
I F ( I N D i  X . G T  .  1 0 0  0 )  G U  T O  9 9 9 9  

.1 N D E X =  1 N D E  X ♦ 1 
T =  T *  D I  l T 1



5 2
5 3
5 4
5 5
5 6
5 7
5 8
5 9
6 0

6 1
6 2
6 3
6 4
6 5
66
6 7
68
6 9
7 0
7 1
7 2
7 3
7 4
7 5
7 6
7 7
7 8
7 9
80
8 1
8 2
8 3
8 4
8 5
86
8 7
88
8 9
9 0
9 1
9 2
9 3
9 4
9 5
<56
9 7
9 8

52
C T E M P 1 = E X P ( - A L P H A * T  )
C T E M P 2  =  C T E M P l  * S l N <  W * T  )
C T E M P 3 = C T E M P 1 * S I N ( W * T - P H I )
C T E M P / 4  =  C T E M P I  ♦ S I N ( W * 1 + P H I )
C U R R ( I N D E X )  =  V T E M P * C  n  M P 2 / < W * L  ) - W 0 * l L * C T E M P 3 / W  
V C (  I N D E X  ) =  V D C - W 0 * V T E M P * C T E M P 4 / W « - I L 4 C T  E M P 2 / (  W * C  )
T 1 M E ( I N D E X  ) = T  + T 0  
I L 1 —C U R R ( I N D E X )
G O  T O  3 1 0

C O U T P U T  T H E  R E S U L T S  
4 0 0  C O N T I N U E

I F !  K K • G T * 3 )  GO T O  1 0 0 0  
C A L L  P L O T ( T l M E . C U R R , I N D E X )
W R I T E  < 6 , 4 1 0 )

4 1 0  F O R M A T ( 1 O 1 « / •  P L O T  C F  C O M M U T A T I O N  C U R R E N T  V S *  T I M E * )  
C A L L  P L O T  C T I M E * V C , I N D E X )
WR I  T E ( 6 * 4 2 0 )

4 2 0  F O R M  A T C 1 0  9 * /  # P L O T  OF  C A P A C I T O R  V O L T A G E  V S .  T  I M E *  )
G O  T O  1 0 0 0  

9 9 9  W R I T E ( 6 , 5 0 0 )
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I * * * * * * * * *
( * * * * * * * * * * *
I * * * * * * * * * * * *  1 * * * * * * * * * * * *  
1 * * * * * * * * * * * *  
I * * * * * * * * * * * *
x * * * * * * * * * * * *
I * * * * * * * * * * * *  
1 * * * * * * * * * * * *  
I  * * * * * * * * * * * *  
I * * * * * * * *  * * * *  
I * * * * * * * * * * * *  
I * * * * * * * * * * * *  
I * * * * * * * * * * * *  
I * * * * * * * * * * * *  
1 * * * * * * * * * * * *  I * * * * * * * * * * * *  
I * * * * * * * * * * * *  
I * * * * * * * * * * * *  
I * * * * * * * * * * * ■  
I * * * * * * * * * * *
I * * * * * * * * * * *  
I * * * * * * * * * * *
1 * * * * * * * * * * *  
I * * * * * * * * * * *
I * * * * * * * * * * *
I * * * * * * * * .* *■ - .-  
I  * * * * * * * * * *
I * * * * * * * * * *  
I * * * * * * * * *
I * * * * * * * * -----I * * * * * * * *
I * * * * * * *
I * * * * * *

- X * * * * *
J * * *  +
I * * +
I *  +I *
*

♦ 1

2 . 5

—+

*
**■

* * *  + 
* *  *  + 
* * * * *  
* * * * *  
* * * * *  
* *  * * *  
* *  * * +  
* *  *  + 
* * * *  
* *♦
*+
*

cn
<£>



fO vj£ T THE TRUE VALUES. MULTIPLY TciGSE IN  lHE ?NJ LULUMN bY 1 . OE 03
- 2 . 5  - 2 . 0  - 1 . 5  - 1 . 0  - 0 . 5  0 . 0  0 . 5  1 . 0  1 . 5 2 . 0

T F
0.000 - 1 . 0 0 0
0.1  3 3 E -04 - 0 . 9 9 5
0 . 276E-C4 - 0 . 9 8 1
0 .4 1 5 E  — 04 - 0 . 9 5 7
0 .5 5 3 E - 0 4 - 0 . 9 2 5
0 . 6 9 1 E— 04 - 0 . 8 8 3
0 . 8 2 9 E - 0 4 - 0 . 8 3 3
0 . 9 6  7E —04 - 0 . 7 7 6
0 . 1 1 1 E - 03 - 0 . 7  10
0 . 1 2 4 E - 0 3 - 0 . 6 3 9
0 . 1 3 8 E -0 3 - 0 .  56 1
0 . 1 5 2 E— 03 - 0 . 4 7 8
0 .1  66 E-  03 - 0 . 3 9 0
0 . 1 8 0 E - 0 3 - 0 .  29 4
0 .  19 JE-03 - 0  .2 05
0 . 2 0 7 E - 0 3 - 0 . 1 0 9
0 . 2 2 1 E—03 - 0 . 0 1 2
0 . 2 3 5 E - 0 3 0 . 0 8 5
0 . 2 4 9 E - 0 3 0 . 1 8 0
0 . 2 6 3 E -0 3 0 .2  75
0 . 2 7 6 E - 0 3 0 . 3 6 6
0 . 2 9 0 E -0 3 0 . 4 5 4
0 . 3 0 4 E —03 0 . 5 3 7
0 . 3 1 8 E - 0 3 0 . 6 1 5
0 . 3 3 2 E -0 3 0.688
0 . 3 5 9 E - C 3 0 . 7 5 0
, . 2 / J E - 0 3 G.S1 2
0 .3 8 7 E - C 3 0 . 8 7 4
0 .4 0 1  E— 0 3 0 . 9 3 6
0 . 4 1 5 E - 0 3 0 . 9 9 8
0 . 4 2 8 E - 0 3 1 .0 6 1
0 . 4 4 2 E - 0 3 1.122
0 . 4 5 6 E - 0 1 1 . 1 8 2
0 . 4 7 0 E - 03 1 .241
0 . 4 8 4 E - 0 3 l . 2 9 7
0 . 4 9 7 E - 0 3 1 . 3 5 0
0 . 5 1 1 E - 0 3 1 .4 0 0
0 . 5 2 5 E - 0 3 1 .4 4 5
0 . 539E -03 1 . 4 8 7
0 . 5 5 3 E - 03 1 . 5 2 4
0 . 5 6 7 E - 0 3 1 . 5 5 6
0 . 5 8 0 E - 0 3 1 . 5 8 3
0 . 5 9 4 E - 0 3 1 . 6 0 4
0 .6  0 8 E— 0 3 1 . 6 1 9
0 .6  2 2 E - 03 1 . 6 2 8
0 . 6  36 E— 03 1 .631
0 . 6 4 9 E - 0 3 1 . 6 2 9

4 — ------------4 --------------- 4 ----------------4 ----------------4---------------- + ------------ - 4 ----------------4
4 * * * * * * * * * * * J  1
4 * * * * * * * * * * *  I
4 * * * * V * * * * * * I  
4 * * * * * * * * * *  I
4 * * * * * * * * * *  I 
4 * * * * * * * * * *  I 

4 *  * * *  * * * *  *  I 
4 * * * * * * * * !
4 * * * * * * * * 1  

4 * * * * * * * I 
f  * * * * * *  I 

4  *  * *  *  * I 
+ * * *  * I 
4 * * * 1  

♦ * I 
4 I 

4
1 4
1 * 4
1 * * 4  
1 * * * 4  
I *  *  *  *  4 
I  * * * * *  4 
I * * * * * * 4  
I * * * * * * * 4  
I * * * * * * * * 4  I * * * * * * * *  * 4  
I * * * * * * * * * *
I * * * * * * * * * * *
1 * * * * * * * * * * * +
I * * * * * * * * * * * *  4 
I * * * * * * * * * * * *  4 
I * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * *  *4 
I * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * * * 4  
I * * * * * * * * * * * * * * * * * *  4 
I  * * * * * * * * * * * * * * * * * * * 4  .
I  * * * * * *  * * * * * * * * * * * * * 4  

I * * * * * * * * * * * * * * * * * * * 4

P LOT OF C A P A C I T O W  V O L T A G E  V S .  T I M E



A P P O X .  V A L U E S

VCPtAK( V ) 1 PI AK. C A 1 TO
1 6 3 6 . 4 0 1 4 1 4 .2 1 0 .2 4 9 2 E - 0 3

TRUE VALUES
VCPEAK(V). IPEAK(A) TQ

1 6 2 Q . 7 0 U 0 3 . 1 8 0 . 2 4  75h - 0 3

- C = 0 . 2 0 0 0 E - 0 3 L = 0 . 1 0 0 0 E - 03 0 = 1 00

V O C  =  1 0 0 0 .  0 0  1 L O A D  = 9 0 0 . Of) VC I  =; 1 0 0 0 . 0 0
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4  4  4  4  4  4  4  
4  4  4  4  4  4  4  
4 4 4 4 4 4 4  
4  4 * 4  
4  4 4 *
4  4  4  4  
4  4  4 4  
4  4  4  4  4  
4  4  4  4  4  
4 4 4 4 4 4 4  
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+  +
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4  4 * 4 4  4 * 4  4  4 4  4 1 O f
4  4  4  4 4  4 4 4  4  4  4  + 1 c
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4  4  4  4 4  4 4 4  4 1 0-
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T O  « E f  T h t  T R U t  V A L U E S .  M U L T I P L Y  i H O i t  I N  T H E  2 N D  C O L U M N  B Y  1 . O E  0 3

- 2 . 5  - 2 . 0  - 1 . 5  —1 . 0  - 0 . 5  0 . 0  0 . 5  1 . 0  1 . 5
T F  * - -------------* ----------+

0 . 0 0 0 ---------- - I i O O O —‘ - *
0 . 1 7 9 E -04 - 0 . 9 9 5
0 . 3 5 9 E - C 4 - 0 . 9 7 9
0 . 5 3 8 E - 0 4 - 0 . 9 5 2
0 . 7 1 8  E— 0 4 - 0 . 9  16
0 . Q 9 7 E - 0 4 - 0 . 8 6 9
0 . 1 0 8 E -0 3 - 0 . 8 1 3
0 . 1 2 6 E - 0 3 - 0 . 7 4 9
0 .  1 4 4 E - 0 3 -  
0 . 1 6 1 E - 0 3  
0 . 1  7 9 E - 0 3  
0 . 1 97E— 03 
0 . 2 1 5 E - 0 3  
0 . 2 3 3 E - 0 3  
0 . 2 5 1 E -  03 
0 . 2 6 9 E - 0 3  
0 . 2  87E—03"

- 0 . 6 7 7  
- 0 . 5 9 7  
- 0 . 5 1 2  
- 0 . 4 2 0  
- 0 . 3 2 5  
- 0 . 2 2 6  
- 0 . 1 2 5  
- 0 . 0 2 2  

0 . 0 8 0
0 . 3 0 5 E - 0 3 0 .  1 82
0 . 3 2 3 E - 0 3 0 . 2 8 2
0 . 3 4 1 E - 0 3 0 . 3 7 8
0 . 3 5 9E -  03" 0 . 4 7 1
0 . 3 7 7 E - 0 3 0 . 5 5 8
0 . 3 9 5 E - 0 3 0 . 6 3 9
0 . 4 1 3 E - 0 3 0 . 7 1 3
0 .4 3 1  E - 0 3 -  0 . 7 8 0 . . . .  .

0 . 4 6 6 E - 0 3 0 . 8 3 3
0 . 4 8 4 E - 0 3 0 . 8 8 7
0 . 5 0 2 E - 0 3 0 . 9 4 1
0 . 52 0E — 03“' ' 0 . 9 9 5 ‘ ‘
0 . 5 3 8 E - 0 3 1 . 0 4 9
0 . 5 5 6 E - 0 3 1.102
0 . 5 7 4 E —03 1 . 1 5 4
0 . 5 9 2 E —03' 1 . 2 0 4 — . .  . . -

0 . 6 1 0 E - 0 3 1 . 2 5 2
0 . 6 2 8 E - 0 3 1 . 2 9 7
0 #646 E—03 l . 3 3 9
0 . 6 6 4 E — 03" 1 . 3 7 8
0 . 6 8 2 E - 0 3 1 . 4 1 2
0 , 7 0 0  E—0 3 l . 4 4 2
0 . 7 1 8 E - 0 3 1 . 4 6 7
0 •  735E— 03 — r * 4  87"' ... -----• • -  -

0 . 7 5 3 E - 0 3 1 . 5 0 2
0 . 7 7 1  E -0 3 1 .5 1 1
0 . 7 8 9 E - 0 3 1 . 5  15
0 . 8 0 7 E —03 1 . 5 1 4

* * * * * * * * * * * * 1  
************1 
♦ # * * * * * ❖ ♦ * * * 1  +$***#*£***1 
* * * * * * * * * * * I

+ * * * * * * * * * 1  *********1 
* * * * * * * * [  ~

* * * * * * *  I  +*****1 
■ + ♦ ♦ ♦ ♦ I 

+ * * * I  
+ * * I  

FI 
+
I F  ---------------
I * +
I * *  +
I * * * * *
I  «c «c ♦  +
I * ♦ ♦ ♦ ♦ ♦ ♦
I * * * * * * * *
I * * * * * * * * *
I * * * * * * * * *  . - -
I ********** 
I * * * * * * * * * * *  
l***********

—  - - - ........... j * * * * * * * * * * * * ------ - -
I  * * * * * * * * * * * * *  
I * * * * * * * * * * * * *
I * * * * * * * * * * * * * *
I * * * * * * * * * * * * * *  —
I  * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * * *  —  
I * * * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * * * * -
I * * * * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * * * *
I  * * * * * * * * * * * * * * * * * *
I * * * * * * * * * * * * * * * * * *

P L O T  OF C A P A C I T O R  V O L T A G E  V S .  T I M E



APPQX. VALUES
VCPEAMV) 1 PEAK( A ) TQ

1 5 1 9 .6 2 1 7 3 2 . 0 5 0 . 3 5 4 9 E - 0 3

TRUE VALUES
V C P EA M V) I PEAK C A 1 TQ

1 5 1 3 .8 3 1 7 1 8 . 4 1 0 . 3 5 3 5 E - 0 3

c  = 0 . 3 0 0 0 E - 0 3  L = 0 . 1 0 0 0 E - 0 3  Q = 1 0 0 . 0

VD C  = 1 0 0 0 . 0 0  I LOAD = 9 0 0 . 0 0  VCI = 1 0 0 0 .  OQ
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Eo2 Induction-Motor Steady-State Performance!' with PWM Voltage Source

The performance discussed in th is  section means the l in e  currents  
and the developed torque. The method o f  m ul t ip le  reference frames is  
used with  balanced PWM voltage sources. The step-by-step analysis and 
a program to perform the ca lculations are shown in the next section.  
With the PWM input ,  the resu l tan t  l in e  currents and developed torques 
a t  d i f f e r e n t  s l ips  are shown in Table E6.

S l ip Line Current 
Fundamental = 100%

Developed Torque 
dc torque = 100%

0.0 5th Harmonic = 24.0% 
7th Harmonic = 8.6%

6th Harmonic 
Pulsation Torque

0.02 5th Harmonic = 8.4% 
7th Harmonic = 3.0%

6th Harmonic = 2„9%
7>

0.05 5th Harmonic = 3.8% 
7th Harmonic = 1.4%

6th Harmonic = 1.3% r.

0.10 5th Harmonic = 2.2% 
7th Harmonic = 0.8%

6th Harmonic = 0.8%

Table E6: The tab le  shows harmonic contents
of  l in e  current  and developed torque 
f o r  a p a r t ic u la r  PWM voltage source.
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E.2.1 Method o f  M ul t ip le  Reference Frame Analysis

The fol lowing step-by-step procedure is  developed according to [4 ] .  

With the connection shown in Fig.  E8 -

Step 1: Determine the Fourier Series representation o f  voltage sources
v , v . and v . ga’ gb gc

V  ■ v taka cos ' V  + bka sin k“ et ]

vgb = V kf 1 [akb cos k(“ et -  + bkb s1n k (“ et -

vgc = ^ kf j  [akc cos k(“ et+  + bkc s1n k<“et+

With PWM waveform shown in Fig.  E9 -  

4V /v -  —  (0.95 sin a) t  -  0 .22 sin 3w t  +0.04 sin 5oi t  -  0.02 sin 7co t )  ya ir c e 6 6

Vgb = “ ■ (0.95 sin (u»et  -  - 0.22 sin 3(u>et  -  ^ | )

+ 0 .04 sin 5(wet  -  -  0.02 sin 7(u t  -  ^ | ) ]

vgc = ^  [0.95 sin (o)et  + ^ | )  -  0.22 sin 3(uQt +

+ 0.04 sin 5(wet  + ^ | )  -  0.02 sin 7(wet  + ^ | ) ]

For more d e ta i l  about the Fourier Series C o e f f ic ien ts ,  see pp. 406-409 in H I .
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s sStep 2 : Determine corresponding voltages, v^s and vds » 1' n d-'h reference
frame which is  f ixed  in the s ta to r  as shown in F ig„ E10.

V S = -iy- [ V - i  (v. + V )]qs 3 1 as 2 ' bs c s ' J

/ T -
vds = 3 2 vbs + 2 vcs^

/ 3 “  vbs + vcs^

For the example set in Step 1 -

VqS = ’- | -  [ ^ - { 0 . 9 5  (1-cos -^j) sin wet  -  0.22 (1-cos 3x^|)  sin 3a)gt

+ 0.04 (1-cos 5x^-)  sin 5wet  -  0 .0 2 ( l - c o s  7x ^ j )s in  7wet } ]

and vds = ^  ^ { 0 - 9 5  x 2  sin (-3 ) cos

2 tt,- 0 .2 2  x 2 sin (3x^- )  cos (3wgt )

+0.04 x 2 sin (5x^r) cos (5w t )

2 tt>- 0 .0 2  x 2 sin (7x^g) cos (7wet ) } ]

s sStep 3 : Determine the amplitudes o f  harmonics components o f  v and
as shown in  Fig .  E l l .  q

= 2 (V|,™ cos + v kqYsin kw 0 t)
k=l kqa

and vds (Vkda cos " V  + VkdYs1n ' V *

By equating the c o e f f i c ie n ts  of  v^s and vjjs wi th  those obtained in Step 2,

V, , V,, , V. . and V. . can be determined,kqa kqy kda kdy

/l!
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As an example, from Step 2 -

qs * kf, (Ukqacos ka)et + v kqy s1n k“ et >

and
oo. r

vds ' <V kd<s cos toet + V kdY sin kk.et)

By.equating the coefficients of va and vds with those obtained in Step. 2, 

V kqo- V kqy- V kda and V kdy can be determined.

As an example, from Step 2 -

VqS = f  ^ { 0 *95 (l-cos sin w et

- 0 . 2 2 ( l - c o s  3x^j )  sin 3 wet

P t t+ 0 .0 4 ( l -c o s  5x=^-) sin 5 w0t  

.... •,...... - 0 . 0 2 ( 1 -cos 7x^j )  sin 7 ajet>]

2 tt\
implies V1(jcl -  0; !V lnv = »  x (b.95) x 2 ( 1 ' c o s  3>Iqy 7r

2n\
= 0; V~ = ^  x (-0.22) x 2(l-cos 3 3 )

3qa . ’ . 3qy • ir
3

V 5qa " 0; V5qy ^  x (0.04) x 2(l-cos 5^|)

%  = v 7 q V = 4 i x  ( - 0 . 0 2 ) » * < * - < * »  ^
3



also implies

2ir

Vlda = i r  * (° -95» X ^ p L  • Vl d Y - 0
4V

P i t

V = —  x ( -0  22) x 2sin(3—g). y = 0v3da i x ' . u , “ j x --------------— ’ v3dy u
S T

VrJ_. = x (0 .04 )  x 2s in ( ^ f )  ; v5da tt

✓ T "
5dy = 0

V7 da ( - 0 .0 2 )  x 2s in (7 ^ | ) .
~ 7 T

= 0

Step 4 : Compute the constant forcing funct ions,  v *  , vd* , , v j *  ,
in m u l t ip le  reference from +ke and -k e ,  using

+ke
qs

1
2 <Vkqc, - Vkdy^  k~1 , 2 ’ 3 , ......................

+ke
vds

1
2 (Vkqa - Vkdv>

V *
1

'  2 <Vkqa + Vkdy^!

and *dske
1
2 <Vkqa - W

Together with ^kqa Vkda:, , anĉ  Vkdy ^rom SlteP 3 5 tlie constant forc ing
functions can be computed.

The fo l lowing sequences o f  phasor diagrams (F ig .  El 2-El 5) show how the 
m u lt ip le  reference frames,+ke and -ke ,  are set up such th a t  the forc ing func­
t ions on those reference frames are constant.  With constant forc ing funct ions ,  
l in e a r  analysis can be applied in each reference frame.

F in a l l y ,  in each reference frame, +ke and -ke ,  a set o f  constant forcing  
funct ions can be w r i t te n  as
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,+ke
qs

,+ke
'ds

-ke
qs

-ke
'ds

2 VKC 2 *Vkqa '  Vkdy*

i v 1
+ v t , „ )2 KD 2 v kqY kda 

\  VKA " \  V̂kqa + Vkdy^

2 VKB = 2 ^Vkqy “ Vk d J

c c t * -±ke .±ke ,.±keStep 5 : Solve fo r  i__ , i .±ke
qS ’ 'q r  » and V  * currents in m ul t ip le

reference frames +ke and -ke ,  using the re la t io n

r  v±ke “qs 1 ■< V LssP> Mp ±k« M e

v ? " ( ±k“eLss) r s+Lssp . -(±kweM) Mp

+ke
: qr

Mp (±koJe-wr )M ( r r +Lr r p) (±kV «V )Lr r

i
O)S-
+1 -O 

>
-_____1

-wr )M Mp -(±kw -w )L v e v' r r ( r r +Lr r p)

-  . ±ke ~ 
qs

• ±ke 
ds

. ±ke
qr

. ±ke
1dr

where operator p = d /d t
= synchronous angular ve lo c i ty  ( rad /s )  

wr  = ro to r  angular frequency ( rad /s )  
r s = s t a t o r  resistance (ft) 
r r  = ; r o to r  resistance re ferred  to s ta to r

Lss~ Ls“Lsm ).
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Ls = s ta tor  phase inductance
L mutual inductance between s ta to r  phasesm .
kr r  ~ kr~krm
Lr  = rotor  inductance referred to s ta to r  1
L = mutual inductance between ro to r  phase ( re fe r re d

to s ta tor )

M  = |  L2 ms

The preceding system of  equations can be solved with some modi f icat ions .  
However, with the fol lowing assumptions -

• constant speed (which is a necessary assumption fo r
preceding analys is)

• steady state  condition (p=0)

° short c i r c u i t  ro tor

the system of  equations becomes a set of  simultaneous a lgebra ic  equations 
from which .±ke .±ke -±ke ,.±ke can be solved with w±ke _ ' ,±ke _ n

’ qs ’ ’ ds ’ ’ qr and ’ dr vqr " vdr '  Uo

Step 6 : Work backwards to f ind  i q S, i - js , i q r  and i ^ r  using

Step 7:

i q s  =

■ 5 s - *  K i l ke + c ke
k=l 'ds 'ds

i s = t r ( i +ke + i " ke qr k=1l U qr qr

i s’ dr
v rf-i+ k e  x  .?~ke

k^ I ( , dr + ' d r

Compute i as> i b$ and i

-S
’ as ~ ’ qs

i = - l i s _ ^  i s’ bs 2 ’ qs 2 ’ ds

i - 1 i? , 5 i S
’ cs 7  ’ qs 2 ’ ds

) cos kwet  + (ids® “ ids6) sin kwet]

) cos ku3et  -  ( i + ke -  i " ke) siri ko)et ]

) cos kwet  + ( i j ke -  i j ke) sin kwet ]

) cos ko)et  -  ( i + ke -  i “ke) sin kwet ]

using

and
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i .  andbs canAt th is step, the harmonic contents of  l in e  currents i , -bs —  -cs
be determined using Fast Fourier Transform f o r  one complete cycle o f  the 
sampled version of  i , 
a d i g i t a l  computer.

which is r e a d i ly  av a i lab le  i f  i gs is  solved by using

Step 8 : Find the developed torque using

T I d r - ' d s ^ r )

where m = number of phases 

P = number of  poles

S im i la r ly ,  FFT can be applied to f in d  the harmonics o f  pulsation torque.

The l i s t in g s  of the program which handle these step-by-step computations 
are shown in section E.2 .2 .



1
2
34
5
6  
7 
3
9

1 0

1 t 
1 2
13
14
15
16 1 7 
18
19
2 0

2 1
2 2
23
24
25
26
27
28 ?«>
3031
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
4-8
49
50
51
52

HEAL FKECX 1 2 8 )  ,XX ( 5 0 )  ,TX(  SO)
REAL 1QWS( 1 2 6 ) •  1 0 R S U 2 8 ) , TORQUEO23)  , T 1 ME!V2 6 ) * XA( 1 2 6 )  ,MAG(12 b > 
REAL A { 2 0 ) . B ( 2 0 )  . I OSS( I 2 8 )  , lOSSl 128 ) . I AS( l 2 6 )  . I 8 S < 128)  , IC S < t 28 > 
REAL • IU5REC20)  . I D S ° £ ( 2 0 ) ,  lGSNE( 2 0 )  . IDSNE! 20 )
REAL IGRPE(2 0 ) ,  iDRPEC 20 )  . IQ RNE(20 ) , IDRNE( 2 0 )
REAL VQSPE(2 0 ) . V0SPE12 0 ) , VGSNEl2 0 ) . VDSNEl20 )
REAL V Q A (2 0 ) , V D A ( 2 0 > . V Q b ( 2 0 ) , V D B ( 20 )
REAL AP£< 20 )  , ANE C 2 0 )  . 8 PE ( 2 0  >, 9M ( 2 0 ) .  CPfe (2 0  ) ,C N ~ (  2 0 )
REAL DPE ( 20 ) . UNE( 20 ) , EPE ( 20  ) , E \ f  ( 20 )
COMPLEX XSMALL11 2 8 ) ,CMPLX 

C ENTER CKT PARAMETERS 
R S—0 . 0 4 5 3  
R R - 0 . 0 2 2 2  
XM S =2 .0420  
X L S - 0 •0 775 
XL R =0 . 0 3 2 2  
F B = fc 0 « 0 
F E = 6 0 •0  
S L I P = 0 . 0 5  
NPHASE=3 
NP0LE=4

C CALCULATE OTHER DEPENDENT PARAMETERS 
KMAX-13  
P I  = 3 . 1 4 1 5 9  
H r b = 2 .0 * P I *F B  
WE=2 « 0 4 P I4 F E  
F R = # £ /h B  
WR=( 1 , 0 - S U P )  *WE 
XM=1.5*XMS  
X S S= XLS + X M 
XRR=XLR+XM

C RE AO COEFS OF FOURIER SERIES REPRESENTING THE l/P  VOLTAGE SOUCE 
R E A D ( S . IO )  ( A ( I ) , 1 = 1 , 2 0 )
REAO( 5 , 1 0 )  ( 8 ( 1 ) , 1 = 1 , 2 0 )

10 FORMAT( IO F 8 0 3)
BIMAX = 8 . 0 / ( 3 . 0 * P I  )
ARGU=2 # 0 * P I / 3 « 0  
6 2 M A X = 8 .0 / (  1 . 73 2 0 5  + PI )
T C = ( 1 * 0 / 6 0 . 0 1 / 1 2 8 oO C CALCULATE VQA, VDA, VQS, VDB 
ta R I T E ( 6  * 2 0 )

20  FORMAT! • 0* « / / / * 5 X , «  K* i 8 X , * V Q A ( M * , a x , » V Q B ( K ) *  , 8 X , ' V 0 A ( K )  • ,
*  a x , • v o p ( K )  • )

DO 100 K= 1 , K.M A X ,2
V QA( K) = 0 • 0
VQB(K) = B1MAX*B( K ) 4 (  1 . 0 -COS(K*ARGU) )
VDA{K)  = 62MAX*B( K ) *S IN(K*ARGU>
VDB(K) = 0 • 0
ft R I T E ( 6 , 2 1  ) K ,VQ A (K )  » V Q 6  ( K ) , V D A ( K ) iVOH(K)

21 FORMATl * 0 *  , 4 X .  1 2 , 4 1  6 X , F 5 . 4  ) )
TOO CONTINUE

C CALCULATE VQSPE , VOSPE , VQSNE ,.VDSNE 
W R ITE!6 , 1 1 0 )

l i o  F CRM AT ( • 0 * » / / . / ,  5X . • K* ,5X  , • VQSE+ ( K I 1 , 5  X, 1 VDSE *- (K ) • , 5 X , • Vti S E - ( K) • ♦*  5 X ,» V D S E - C K ) • )
DO 200  K = 1 , KMAX,2
VQSPE( K ) = 0 « 5 * ( VQA( K 1 - VOB( K ) ) -----
V D S P E ( K ) = 0 . 5 * ( V 0 B ( K )  + VDA(K ) )
V Q S N E (K )=0 .  >*< VOA(K )+.VD6 (K ) )

> J U  j

E.2.2 
M

ultiple Reference Frame Analysis Program
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l  U i
*

1 0 2

1 0 3
*

*
1 0 4
1 0 5
1 0 6  
1 0 7
1 0 8  
1 0 9

5 0 0

*
n o 5 1  0
1 1 1  
1 1 2
1 1 3  
1 1 4
1 1 5
1 1 6  
1 1 7

5 2 0

1 1 8 6 0 0  1
1 1 9
1 2 0  
1 2 1

7 5

1 2 2
1 2 3
1 2 4  
1 2 5

7 6

1 2 6
1 2 7  
t 2 9  
1 2 9

7 0 0

1 3 0  
1 3 1
1 3 2  
1 3 3

6 2 0
i

1 3 4
1 3 5  
1 3 6

6 3 0  1i
1 3 7 7 7
1 3 8  
1 3 9  
1 4 0

i
]

1 4 1  
1 4 2  
1 4 3

7 8  1
i

1 4 4
1 4 5  
1 4 6

1 4 7

7 1 0  l

1

1 4 8  
1 4 9
1 5 0
1 5 1
1 5 2  
1 5 3  
1 5 4

i
1
1
1

1

I ))

1 Uib( 1 I - 1 b ;> l 1 J >'l . j SHu U I  * i U6 Nt. (K t i fV-J JIN M k u UI 
- <  1 O S P £ ( K )  — 1 Q S N E ! K ) >  * S I N !  K * A K G U )

I  Q R S  (  I  )  =  I  Q R  S  (  I  ) +  (  I  Q R P E !  K ) - H O R N E !  K  )  ) * C Q S ( K * A R G U )
♦  (  I D R P E !  K  ) - I D R N E !  K  )  )  * S I  N (  K * A R G U )

I  D K S (  I  )  =  I  O R S  (  I  )  ♦  < I  D R P £ <  K) * I D » ' N E  (  K.  )  I * C O S ( K *  A R  G U I  
- ( I Q R P E I K J - I Q R N E ( K ) )  * S I N { K * A R G U )

C O N T I N U E  
T I M E ! I ) = T  
I A S I  I  ) - I Q S S (  I  )
I B 5 ( I T = - 0 . 5 * I Q S S C  1 )  — 0 . 3 6 6 * I D S S !  I  )
I C S <  I  ) = - 0 . 5 * 1 U S S (  I  1 + 0  •  8 6 6 *  I D S S ( I  )
T O R Q U E ( 1 ) = 0 . 2 5 * X M / » E * N P H A S E * N P C L E *

( 1 0 S S I  I ) * I D R 3 <  1 ) - I D S S I  I  ) * I Q K S (
C O N T I N U E  
0 0  5 2 0  J J = 1 , 4 2  
K K = 3 * J J
X X I J J )  =  I A S f K K )
T X ( J J ) = T I M E ( K K )
c o n t i n u e
C A L L  P L O T ( T X . X X . 4 2 )
* R J  T E ( 6 , 6 0 0 )
F O R M A T (  *  0  *  » /  *  P L O T  O F  I A S  V S .  T I M E * )
D O  7 5  1 = 1 . 1 2 8
X S M A L L ( I  Y—C M P L X ( 1  A S  I  1 ) , 0 . 0  )
C A L L  F F T < X S M A L L , 7 . I  2 8  )
D C  7 6  1 =  1 ,  1 2 8
M A G I  I  )  =  C A B S  (  X S M A L 1 _ {  I  ) )
F R E Q ( I ) = ( 1 . O / T C ) * ! 1 - 1 1 / 1 2 8 * 0  
C A L L  P L O T ( F R E Q . M A G , 4 2 )
W R I T E  I  6 , 7 0 0 )
F O R M A T !  * 0 *  , / *  P L O T  C F  F R E Q U E N C Y  S P E C T R U M  O F  I A S 9 
O C  6 2 0  J  J =  1 » 4  2  
N K = 3 * J J
X X ( J J )  =  T O R Q U E  I K K )
T X ( J J ) = T I M E  I K K )
C O N T I N U E
C A L L  P L O T ( T X , X X . 4 2 )
W R I T E ( 6 . 6 3 0 )
F O R M A T ! • 0 « , / “ P L O T  O F  T C R C U E  V S .  T I M E " )
D O  7 7  1 = 1 , 1 2 8
X  S M A L L  ( I ) = C M P L X ( T G P . G U E (  I  ) , 0 . 0 )
C A L L  F F T ! X S M A L L , 7 , 1 2 8 )
O O  7 8  1 = 1 . 1 2 8
M A G !  I  )  =  C A B S ( X S M A L L !  I  1 )
F R E Q ! I ) = ( l . O / T C ) * ! 1 - 1 1 / 1 2 6 . 0  
C A L L  P L O T ( F R E Q , M A G , 4 2 )
W R I T E ( 6 , 7 1 0 )
F O R M A T ! • 0 * , / •  P L O T  O F  F R E Q U E N C Y  S P E C T R U M  O F  T O R Q U E *
S T O P
E N D

S U B R O U T I N E  F F T ( X , M , N U M D A  T )  
C O M P L E X  X ( N U M D A T ) , U , W , T . C M P L X  
N  =  2 * * M  
N V 2  =  N / 2  
N M 1 =  N - l  
J  =  1
D O  7  I  =  1 ,  N M 1
I F ! I . G E . J )  G O  T O  5

1

, 9 ! / ) )

•̂ 4



1 5 5  
l  5 6  
1 5 7  
1 5 8  
1 5 9  
1 6 0  
1 6 1  
1 6 2  
1 6 3
1 6 4
1 6 5
1 6 6  
1 6 7  
1 6 8  
1 6 9  
1 7 0  
1 7 1  
1 7 2  
1 7 3  
1 7 4  
1 7 5
1 7 6
1 7 7
1 7 8

1 7 9

1 8 0  
1 8 1  
1 8 2  
1 8 3  
1 8 4  
1 8 5
1 e 6
1 8 7  
les 
1 8 9  
1 9 0  
1 9 1  
1 9 2  
1 9 3  
l  9 4  
1 9 5
1 9 6
1 9 7
1 9 8  
1 9 9  
2 0 0

T =  X ( J  )
x ( j )  = x m
X  (  1 ) =  T

5  K  =  N V 2
6  I F ( K . G £ . J )  G C  T O  7 

J  =  J - K
K =  K / 2  
5 0  T O  6

7  J  =  J  +  K° I = 3 • 1 4 1 5 92 7 DO 2 0 L = l , M LE = 2**L LEI = LE/2 U = ( 1.0.0.0)
W =  C M P L X { C O S ( P 1 / F L C A T I L E 1 ) ) . - S I N < P I / F L O A T ( L E  1 )  ) )
D O  20  J  =  1 *  L E I  
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I P  =  I  +  L E I  
T  =  X ( I P ) 4 0
X I  I P )  =  X ( I )  — T  

1 0  X I I I  =  X ( l )  t  T  
2 0  U  =  U 4 W
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Y 1 N C  — D I V / 1 0 a  
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APPENDIX F ANALYSIS OF CSI-IM

A somewhat more d e ta ile d  c ir c u it  diagram o f the p referred  C S I-IM , c a lle d  
the auto -sequentia l commutated in v e rte r  (ASCI) is  shown in  F ig . F I .  The c i r ­
c u it  co n figu ra tions fo r  each o f the 18 operating modes are shown in  F ig , F2 
through F ig . F19.

Assuming steady s ta te , the operation during each commutation in te rv a l is  
s im ila r . Hence, only the operation o f modes 1-3 w i l l  be discussed. The sim­
p l i f ie d  eq u iva len t c irc u its  o f operating modes 1-3 are shown in  F ig . F20 through 
F ig . F22 re s p e c tiv e ly .

Define ' A1 = RF + RC + RB
A2 = RC + RB
A3 = RF + RB + RC + RC(LF + LB)/LA 
A4 = RF + RB -  RA(LF + LB)/LA 
A5 = RA + RB 
A6 = RF + RA + RB 
Bl = LF + LC + LB 
B2 = LC + LB
B3 = LF + LB + LC + LC(LF + LB)/LA 
B4 = LA + LB
B5 = LF + LA + LB 
D1 = (LF + LB)/LA 
D2 = 1 + D1

The corresponding equations fo r  the c ir c u i t  shown in  F ig . F20 can be 
w ritte n  as

d ic
vab = vas ‘  vbs + LB' X T t  +  ^B x f c

d1cvbc = " A2 x 1c ' 62 x Tt + vbs - vcs 
vca = RC x V + LC x t ! + vcs - vas
v. = V„ -  Vl_ i c be

'd

di

= V

c _
d t

K
d t

= (V , -  v -  v + v. v d c cs bs A1 x i c ) /B l

3C x ’ c
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The corresponding equations fo r  the c ir c u i t  shown in  Fig„ F21 can be 
w ritte n  as

di. di.
v3h = A5 x i ,  + B4 x —if- + RB x i' + LB x ■— £  + v ’ -  v.ab a d t c d t as bs

d i c d i av. = -A2 x i, -  B2 x - 4  -  RB x i a -  LB x + vhc -  v^c be c d t a d t bs cs

v = -v  ca c

vi = vab

iA = i‘ + i' d c a

dt -  (Vd -  D2 x (vc + ycs) + DI x vas + ^  -  A3 x i £ -  A4

x i a ) /B 3

di.a _ d i.
dt = (v„ + v„c -  vac + RC x i^  -  RA x i a + LC x -jjjr  )/LAcs as

dvc 2 .
d t 3C x ’ c

as
F in a lly , the equations fo r  the c ir c u i t  shown in  F ig . F22 can be w ritte n

di
+ v -  v.as bsvab - AS *  + 64 x T t

d i.
Vu„ = -RB x i -  LB x — gr + v. „ -  vbe ~ 3 t T vbs " vcs

di

vca = vcs ~ vas ~ LA x “ d t -  RA x i .

v- = vab

i . = i.\d,

di
d t

a _
< V vas + vbs •  A6 x i a )/B 5
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The preceding d eriva tio n  is  based on the fo llow in g  assumptions:

1. No commutation overlap-
” ' •• }

2. The motor CEMF's (v , v. , y ) are pure sinusoidal
a S  DS CS

vo ltage sources caused by the fundamental components 
o f the input currents i'a> i^  and i £ re s p e c tiv e ly .

3 . The SCR's are considered as ideal switches.

The remaining problem is  to determine the magnitude o f the motor CEMF's.
Based on assumption 3 , vas’ v. and v can be w r itte n  as bs cs

vas = vpk s i" (u t  + eA '  2 ll/3 )

vbs = vpk sin (wt + 0A -+ 2tt/ 3 )

and i vcs = vpk s1" (Mt *  0A>

The d e riv a tio n s  o f  Vp^ and 0^ are shown in  the sequence o f fig u re s  s ta r tin g  
from Fig„ F23 .through T ig .  F25.

A CSMP program has been developed to sim ulate the operation o f modes 1-3  
in order to  study the peak voltage and time to complete commutation w ith  a 
given set o f c i r c u i t  parameters. The program l is t in g  and re s u lts  o f  th is  simu­
la t io n  are shown a t  the end o f th is  appendix.

Since steady s ta te  is  assumed, i n i t i a l  condition and f in a l states have to  
be compared before a meaningful s im ulation can be judged. Some o f the problems 
concerning the d ig i ta l  sim ulation are discussed in  the fo llow in g  paragraph.

Since the operation o f the CSI is  h igh ly  dependent on load co nd itio n s , the  
sim ulation o f the system cannot be separated in to  an in v e rte r  p art and a motor 
p art as was done in the VSI an a lys is . The com plexity o f the system creates  
problems fo r  a s tra igh tfo rw ard  sim ulation approach. I t  is  d es irab le  to  study 
the e ffe c ts  o f power c ir c u it  parameters w ithout worrying about the closed-loop  
c o n tro l. However, since the CSI has a se lf-feedb ack c h a ra c te r is t ic , i t  has a 
high tendency o f  becoming unstable w ith  open-loop s im ulation . Since the objec­
t iv e  o f the an a lys is  in th is  phase is  to study the response o f the power c ir c u i t  
fo r  a set o f  parameters and load conditions, the closed-loop system w i l l  be 
avoided. The problem o f in s ta b il i ty  is  solved by se lec tin g  a proper se t o f  
i n i t i a l  conditions fo r  a few cycles o f s im ulation .

Developed torque is  a d ire c t function o f cu rren ts . -With the cu rren t source 
in v e r te r , more d ire c t  control o f the torque can be achieved. However, the s ix -  
step cu rren t waveform is  genera lly  employed. Thus, the currents contain la rg e r  
harmonics than those o f a PWM voltage source.

Regenerative c a p a b ility  can be achieved w ithout much a d d itio n a l e f f o r t  fo r  
the CSI together w ith  a phase co ntro lled  r e c t i f i e r .  However, th is  advantage 
w il l  be n u l l i f ie d  i f  i t  is  applied to the d iesel e le c t r ic  system, where i t  is  
not possible to  feed power back in to  the ac source.
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Due to the au to-sequentia l commutation c h a ra c te r is tic  o f the ASCI, the 
control c i r c u i t  w i l l  be sim pler than th a t o f  a PWM VSI. This consideration  
does not include the increased d i f f ic u l t y  in the design o f a s tab le  control 
p o lic y .



*»**C0NTINU0US SYSTEM MODELING PROGRAM****

* * *  V E R S I O N  1 . 3  * * *

T I T L E  C O M M U T A T I O N  C H A R A C T E R I S T I C  OF C S I - I M  
I N I T I A L

P A R A M E T E R  R R = 0 . 1 7 3 2 , R S = 0 . 3 5 2 3 , X M S = 1 5 . 9 2 7 6 , X L S = 0 . 6 0 4 5 , . . .

K K = ( 0 . 2 , 0 . 2 5 , 0 . 3 , 0 . 3 5 , 0 . 4 , 0 . 4 5 ) , . . .
X L R = 0 . 2 5 1 2 , F 8 = 6 0 . 0 , F E = 6 0 . 0 , V D = 1 5 0 0 . 0 , R F = 0 . 0 1 , L F = 5 0 0 . 0  

C O N S T A N T  P I = 3 . 1 4 1 5 9 2 7 , P I 2 = 6 . 2 6 3 1 8 5 3 , S Q R T 2 = 1 . 4 1 5 9 2 7 , . . .
S Q R T 3 = 1 . 7 3 2 0 5 0 6

I N C O N  M l = l , M 2 = 0 , M 3 = 0 , I A O = 0 , V C O = - 2 8 0 0 . 0
*  C O M P U T E  L M , L S , L R

L M = X M S / t P I 2 * F B )
L S = X L S / ( P I 2 * F B )
L R = X L R / (  P I 2 * F B )

*  A S S I G N  MORE P A R A M E T E R S
W = P I 2 * F E
O N E 6 = 1 . 0 / ( 6 . 0 * F E )
S = 0 . 0 5
H P = 6 0 0 . 0

P H I = P I 2 / 3 . 0
K = 1 . 1 1
R A = R S
R B = R S
R C = R S
L A = L S
L B = L S
L C = L S

*  C O M P U T E  V A S 0 , V B S 0 , V C S 0
2 S = S 0 R T C ( R R / S ) * * 2 + ( W * L R + W * L M ) * * 2 )
T H E T A S = A T A N ( W * ( L R + L M ) * S / R S )

Z M = W * L M
T H E T A M = P I / 2 . 0
Z R = S Q R T C ( R R / S ) * * 2 + ( W * L R ) # * 2 )

T H E T A R = A T A N ( W * L R * S / R R )
Z A = Z M * Z R / Z S
T H E T A A = T H E T A M + T H E T A R - T H E T A S  
R A A = Z A * C O S ( T H E T A A )
H L A = Z A # S I N ( T H E T A A )
Z T = S S R T ( ( R A A + R S ) * * 2 + ( W * L S + W L A ) * * 2 )
T H E T A T = A T A N ( ( W * L S + W L A ) / ( R A A  + R S ) )
I C 0 = S Q R T ( H P * 7 4 6 . 0 / ( 3 . 0 * Z T * (  1 . 0 - S ) * C 0 S ( T H E T A T ) ) ) * S Q R T 2 / K  
V P K = Z A * I C 0
V A S 0 = V P K * S I N ( P H I - P I 2 / 3 . 0 + T H E T A A )
V B S 0 = V P K * S I N ( P H I + P I 2 / 3 . 0 + T H E T A A )
V C S O = V P K * S I N ( P H I + T H E T A A )
A 1 = R F + R C + R B
A 2 = R C + R B
A 3 = ( R F + R B + R C + R C * ( L F + L B ) / L A )

A 4 = ( R F + R B - R A * ( L F + L B l / L A )
A 5 = R A + R B
A 6 = R F + R A + R B
B 1 = L F + L C + L B
B 2 = L C + L B
B 3 = (  L F  + L B + L C + L C * (  L F  + L B  ) / L A )

B 4 = L A + L B  
B 5 = L F + L A + L B  
0 1 =  C L F + L B l / L A  
0 2 = 1 . O + D l
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00000280 
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*** CSMP/360 SIMULATION DATA ***

T I T L E  C O M M U T A T IO N  C H A R A C T E R I S T I C  O F  C S I - I M

P A R A M E T E R  R R = 0 . 1 7 3 2 , R S = 0 . 3 5 2 3 , X M S = 1 5 . 9 2 7 6 , X L S = 0 . 6 0 4 5 , . . .

K K = ( 0 . 2 , 0 . 2 5 , 0 . 3 , 0 . 3 5 , 0 . 4 , 0 . 4 5 ) , . . .

X L R = 0 .2 5 1 2 , F B = 6 0 . 0 , F E = 6 0 . 0 , V D = 1 5 0 0 . 0 , R F = 0 . 0 1 , L F = 5 0 0 . 0 E - 3  

CONSTANT P I = 3 . 1 4 1 5 9 2 7 , P I 2 = 6 . 2 8 3 1 6 5 3 , S Q R T 2 = 1 .4 1 5 9 2 7 , . . .

S Q R T 3 = 1 .7 3 2 0 5 0 8

INCON M l = l , M 2 = 0 , M 3 = 0 , I A 0 = 0 , V C 0 = - 2 8 0 0 . 0  

METHOD RKSFX

TIMER D E L T = 1 . O E - 6 , F I N T I h = 2 . 7 8 E - 3 , O U T D E L = 6 0 . OE-6  

PRTPLOT V B C IM l ,M 2 ,M 3 )

PRTPLOT V A B (V A S ,V B S ,V C S )

PRTPLOT V I ( I D . , V D C . M 2 )

PRTPLOT V C ( I C , X A , M 2 )

PRTPLOT IC ( I C O O T , IA D O T ,M 2 )

PRTPLOT V C A lV D l» K K )

END

TIMER VARIABLES 
DELT = 1 . 0 0 0 0 E - 0 6  
DELMIN= 2 . 7 8 0 0 E -1 0  
F IN T IM =  2 . 7 6 0 0 E - 0 3  
PRDEL = 0 . 0  
OUTDEL= 6 . 0 0 0 0 E - 0 5



PROBLEM DURATION 0.0 TO 2 .7600E-03

V A R I A B L E M I N I M U M T I M E M A X IM U M T I M E
VB C - 1 . 6 3 7 0 E + 0 3 0 . 0 2 . 7 7 1 4 E + 0 2 6 . 2 9 0 0 E - 0 4

' V A B 1 . 4 6 5 6 E + 0 3 0 . 0 3 . 2 8 5 2 E + 0 3 6 . 2 5 0 0 E - 0 9
V I - 1 . 1 6 3 0 E + 0 3 0 . 0 3 . 2 8 5 2 E + 0 3 6 . 2 5 0 0 E - 0 4
VC - 2 . 8 0 0 0 E + 0 3 0 . 0 3 . 5 7 3 6 E + 0 3 2 . 7 6 0 O E - 0 3
I C 1 . 1 2 6 2 E - 0 1 6 . 3 0 0 0 E - 0 4 2 . 7 8 2 5 E * 0 2 1 . 9 9 0 0 E - 0 4
VC A - 3 . 5 6 2 1 E + 0 3 6 . 2 9 0 0 E - 0 4 1 . 7 1 4 5 E + 0 2 0 . 0
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T I M E
0.0
6 . 0 0 0 0 E - 0 5  
1 . 2 0 0 0 E - 0 4  
1 . 8 0 0 0 E - 0 4  
2 . 4 0 0 0 E - 0 4  
3 . C 0 0 0 E - 0 4  
3 . 6 0 0 0 E - 0 4  
4 . 2 0 0 0 E - 0 4  
4 . 8 0 0 0 E - 0 4  
5 . 4 0 0 0 E - 0 4  
6 . 0 0 0 0 E - 0 4  
6 . 6 0 0 0 E - 0 4  
7 . 2 0 0 0 E - 0 4  
7 . 8 0 0 0 E - 0 4  
8 . 4 0 0 0 E - 0 4  
9 . 0 0 0 0 E - 0 4  

9 . 6 0 0 0 E - 0 4  

1 . 0 2 0 0 E - 0 3  
1 . 0 8 0 0 E - 0 3  
1 . 1 4 0 0 E - 0 3  
1 . 2 0 0 0 E - 0 3  
1 . 2 6 0 0 E - 0 3  
1 . 3 2 0 0 E - 0 3  
1 . 3 6 0 0 E - 0 3  
1 . 4 4 0 0 E - 0 3  
1 . 5 0 0 0 E - 0 3  
1 . 5 6 0 0 E - 0 3  
1 . 6 2 0 0 E - 0 3  
1 . 6 8 0 0 E - 0 3  
1 . 7 4 0 0 E - 0 3  
1 . 8 0 0 0 E - 0 3  
1 . 8 6 0 0 E - 0 3  
1 . 9 2 0 0 E - 0 3  
1 . 9 8 0 0 E - 0 3  
2 . 0 4 0 0 E - 0 3  
2 . 1 0 0 0 E - 0 3  
2 . 1 6 0 0 E - 0 3  
2 . 2 2 0 0 E - 0 3  
2 . 2 8 0 0 E - 0 3  
2 . 3 4 0 0 E - 0 3  
2 . 4 0 0 0 E - 0 3  

2 . 4 6 0 0 E - 0 3  
2 . 5 2 0 0 E - 0 3  
2 . 5 8 0 C E - 0 3  
2 - 6 9 0 0 E - 0 3  
2 . 7 0 0 0 E - 0 3  
2 . 7 6 0 0 E - 0 3

M I N I M U M  VBC V E R S U S  T I M E
- 1 . 6 3 7 0 E + 0 3  KK = 2 . 0 0 0 0 E - 0 1

VBC I
- 1 . 6 3 7 0 E + 0 3  +
- 1 . 6 1 4 9 E + 0 3  +
- 1 . 5 9 2 0 E + 0 3  - +
- 1 . 5 6 8 3 E + 0 3  - +
- 1 . 3 2 2 6 E + 0 3   +
- 9 . 2 7 8 3 E + 0 2  ------------------------------------------------+
- 5 . 6 4 3 8 E + 0 2  -----------------------------:-------------------------------------------- +
- 2 . 5 0  3 0 E  + 0 2  ----------------------------------------------- ;-----------------------------------------------+
- 6 . 7 4 S 0 E - 0 1  --------------- -----------------------------------------------------------------------------------------

1 . 7 3 1 1 E + 0 2  ---------------------------------------------------------------------------------------------------------
2 . 6 3 9 2 E + 0 2  ---------------------------------------------------------------------------------------------------------

- 1 . 2 9 3 3 E + 0 3   +
- 1 . 2 6 8 6 E + 0 3   — +
- 1 . 2 4 3 4 E + 0 3  -------------------------- +
- 1 . 2 1 7 5 E + 0 3  -------------------------- +
- 1 . 1 9 1 1 E + 0 3  -----------------------------+
- 1 . 1 6 4 1 E + 0 3  — ............... ............ +

- 1 . 1 3 6 6 E + 0 3   +

- 1 . 1 0 8 6 E  + 0 3   +
- 1 . 0 8 0 0 E  + 0 3  -------------;------------------------+
- 1 . 0 5 0 9 E  + 0 3     —  +
- 1 . 0 2 1 4 E + 0 3  ------------------------------------------ +
- 9 . 9 1 3 8 E  + 0 2  ------------------------------------------ +
- 9 . 6 0 9 0 E + 0 2  ------------------------------- ------------ +
- 9 . 2 9 9 9 E  + 0 2  ------------------------------------------------+
- 8 . 9 8 6 4 E + 0 2  -------------------------------------------------- +

- 8 . 6 6 9 0 E + 0 2  -----------------------------------------------------+
- 8 . 3 4 7 6 E + 0 2  -----------------------------------------------------+
- 8 . 0 2 2 4 E + 0 2  --------------------------------------------------------+
- 7 . 6 9 3 7 E  + 0 2  -------------------------------------------------- +
- 7 . 3 6 1 6 E  + 0 2  ------------------------------------------------------------- +
- 7 . 0 2 6 2 E  + 0 2  ------------ .--------------------------------------------— +
- 6 . 6 8 7 7 E  + 0 2  -------------------------------■--------------------------------- +
- 6 . 3 4 6 3 E + 0 2  --------------------------------------------------------------------- +
- 6 . 0 0 2 2 E  + 0 2  ----------------------------------------------------------------------- +
- 5 . 6 5 5 6 E + 0 2  ------------------------------------------------------------------------+
- 5 . 3 0 6 5 E + 0 2  -------------------------------------------------------------------------- +
- 4 . 9 5 5 4 E + 0 2  ---------------------------------------------------------------------------+
- 4 . 6 0 2 2 E + 0 2  --------------- -------------------------- ------------------------------------- +
- 4 . 2 4 7 1 E + 0 2  ------------------------------- -------------------------------------------------- +
- 3 . 8 9 0 5 E  + 0 2  ------------ ------------------------------------- ------------ ' -------------------- +
- 3 . 5 3 2 3 E + 0 2  -------------------------------------------------------------------------- ---------- - +
- 3 . 1 7 2 9 E  + 0 2  -------------------- : ------------------------------------------- - - ------------------ +
- 2 . 8 1 2 4 E + 0 2  -------------------------------------------------------------------------------------------- *
- 2 . 4 5 0 9 E + 0 2  ---------------------------------------------------------------------------------------------+
- 2 . 0 8 3 7 E + 0 2  -------------------------------------------------------------------------------------------------- +
- 1 . 7 2 5 9 E + 0 2  ----------------------------------------------------------------------- ----------------------------- +
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MAXIM'JM
2.7714E+02

I Ml M2 M3 ;
1.OOOOE+OO 0.0 0.0
1.OOOOE+OO 0.0 0.0
1.OOOOE+OO 0.0 0.0
1.COOOE+OO 0.0 0.0
0.0 1.OOOOE+OO 0.0
0.0 1.OOOOE+OO 0.0
0.0 1.OOOOE+OO 0.0
0.0 1.OOOOE+OO 0.0

—  + 0.0 1.OOOOE+OO 0.0
-------+ 0.0 1.OOOOE+OO 0.0
--------- + 0.0 1.OOOOE+OO 0; 0

0.0 0.0 1.OOOOE + OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 i.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOCOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO
0.0 0.0 1.OOOOE+OO

CTi



T I M E  - 
0 . 0
6 . O O O O E - 0 5
1 . 2 0 0 0 E - 0 4
1 . 8 0 0 0 E - 0 4
2 . 4 0 0 0 E - 0 4

3 . 0 0 0 0 E - 0 4
3 . 6 0 0 0 E - 0 4
4 . 2 0 0 0 E - 0 4
4 . 6 0 0 0 E - 0 4
5 . 4 0 0 0 E - 0 4

6 . 0 0 0 0 E - 0 4
6 . 6 0 0 0 E - 0 4
7 . 2 0 0 0 E - 0 4
7 . 8 0 0 0 E - 0 4
8 . 4 0 0 0 E - 0 4
9 . 0 0 0 0 E - 0 4
9 . 6 0 0 0 E - 0 4
1 . 0 2 0 0 E - 0 3
1 . 0 8 0 0 E - 0 3
1 . 1 4 0 0 E - 0 3
1 . 2  0 0 0  E - 0  3
I . 2 6 0 0 E - 0 3
1 . 3 2 0 0 E - 0 3
1 . 3 8 0 0 E - 0 3
1 . 4 4 0 0 E - 0 3
1 . 5 0 0 0 E - 0 3
1 . 5 6 0 0 E - 0 3
1 . 6 2 0 0 E - 0 3
1 . 6 8 0 0 E - 0 3
I . 7 4 0 0 E - 0 3
1 . 8 0 0 0 E - 0 3
1 . 8 6 0 0 E - 0 3
1 . 9 2 0 0 E - 0 3
1 . 9 3 0 0 E - 0 3
2 . 0 4 0 0 E - 0 3
2 . 1 0 0 0 E - 0 3
2 . 1 6 C 0 E - 0 3
2 . 2 2 0 0 E - 0 3
2 . 2 8 0 0 E - 0 3
2 . 3 4 0 0 E - 0 3
2 . 9 0 0 C E - 0 3 -
2 . 4 6 0 0 E - 0 3
2 . 5 2 0 0 E - 0 3
2 . 5 S 0 0 E - 0 3
2 . 6 4 0 0 E - 0 3
2 . 7 0 0 0 E - 0 3
2 . 7 6 0 0 E - 0 3

M I N I M U M  V B C  V E R S U S  T I M E
- 1 . 6 3 7 0 E + 0 3  K K  =  3 . 0 0 0 0 E - 0 1

V B C  I
- 1 . 6 3 7 0 E + 0 3  +
- I . 6 1 6 6 E + 0 3  +
- 1 . 5 9 5 5 E + 0 3  - +
- 1 . 5 7 3 6 E + 0 3  - +
- I . 5 5 0 9 E + 0 3  — +
- 1 . 5 2 7 6 E + 0 3  — +
- 1 . 3 1 7 1 E + 0 3  ..................... - +
- 1 . 0 5 0 3 E + 0 3  ----------------------------------------+
- 7 . 9 S 3 9 E  + 0 2  --------------------------------------------------------+
- 5 . 6 9 3 0 E + 0 2  ------------------------------------------------------------------------ +
- 3 . 7 0 1 7 E  + 0 2  --------------------------------------------- ------------------------ +
- 2 . 0 6 9 1 E + 0 2  ----------------------------------------------------------------------------------------------r - *
- 8 . 4 0 4 1 E + 0 1 .  --------------------------------------------------------------------------------------------------------
- 4 . 5 6 4 5 E + 0 0  --------------------------------------------------------------------------------------------------------

3 . 0 1 4 8 E + 0 1  ----------------------------------------------------------------------------------------------------------
- 1 . 1 9 1 3 E + 0 3  ----------------------- - -  +
- 1 . 1 6 4 3 E + 0 3  -------------------------- t -  +
- 1 . 1 3 6 8 E + 0 3  ------------------------------- -  +
- 1 . 1 0 8 7 E + 0 3  ---------------------------------- +
- 1 . 0 8 0 2 E + 0 3  -------------------------------------+
- 1 . 0 5 1 1 E  + 0 3  ------------ —  ■---------------------+
- 1 . 0 2 1 5 E + 0 3  ------------------------------------------ +
- 9 . 9 1 5 3 E  + 0 2  ------------------------------------------ +
- 9 . 6 1 0 5 E + 0 2  ----------------------- --------------------- +
- 9 . 3 0 1 4 E + 0 2  . ------------------------------------------------+
- 8 . 9 8 7 9 E + 0 2  -------------------------------------------------- +
- 8 . 6 7 0 5 E + 0 2  ----------------------------------------------------- +
- 8 . 3 4 9 1 E + 0 2  --------------------------------------- ------------- +
- 8 . 0 2 3 9 E + 0 2  --------------------------------------------------------*
- 7 . 6 9 5 2 E + 0 2  -----------------------------------------------------------+
- 7 . 3 6 3 1 E  + 0 2  ------------ ----------------------------- ------------------+
- 7 . 0 2 7 7 E  + 0 2  ----------------------------------------------------------------+
- 6 . 6 8 9 2 E  + 0 2  -------------------------------------------------------------------+
- 6 . 3 4 7 8 E + 0 2  -------------------- ------------- -----------------------------------♦
- 6 . 0 0 3 7 E + 0 2  ------------------------------------------------------------------------+
- 5 . 6 5 7 1 E  + 0 2  ---------------------------------- ------------------------ -------------+
- 5 . 3 0 8 0 E + 0 2 .  ---------------------------------------------------------------------------+
- 4 . 9 5 6 9 E + 0 2  -----------------------------------------------------------------------------+
- 4 . 6 0 3 7 E + 0 2  ---------------------------------------------------- --------------------------+
- 4 . 2 4 S 6 E + 0 2  -------------------------- -------------------------------------------------------- +
- 3 . 8 9 2 0 E  + 0 2  ------------------------------------------ — ,------------------------------------- +
- 3 . 5 3 3 8 E + 0 2  ----------------------------------------------------------------------------------------+
- 3 . 1 7 4 4 E  + 0 2  ............................— -------------------------------------------------------------+
- 2 . 8 1 3 9 E + 0 2  --------------------------------------------------------------------------------------------- +
- 2 . 4 5 2 4 E  + 0 2  --------------------------------------------------------—  - ......................................+
- 2 . 0 9 0 2 E  + 0 2  — ------------ ----------------------------- --------------- ----------------------------- — +
- 1 . 7 2 7 4 E + 0 2  ------------------------------------------------------------- -- ------------------------------------- +



PAGE 1

MAXIMUM 
2 . 7 7 1 4E + 02  

I

- + 
— +

Ml
1 .  OOOOE+OO 
1 .OOOOE+OO 
1 .OOOOE+OO 
1 .OOOOE+OO 
1 . OOOOE+OO 
1 .OOOOE+OO
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 
0.0 
0.0
0.0
0.0
0.0
0.0
0.0
0.0

M2
0.0
0.0
0.0
0.0
0.0
0.0
1 . OOOOE+OO 
1 .OOOOE + OO 
1 .OOOOE + OO 
1 . OOOOE+OO 
1 .OOOOE + OO 
1 . OOOOE+OO 
1 .OOOOE+OO 
1 .OOOOE+iOO 
1 . OOOOE+OO 
0.0
0.0
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 ■
0.0
0.0
0.0
0.0

M3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1 . OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 .OOOOE+OO 
1 .OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 .OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 .OOOOE+OO 
1 .OOOOE+OO 
1 . OOOOE+OO 
1 . OOCOE+OO 
1 . OOCOE+O0 
1 -OOOOE+OO 
1 .OOOOE+OO 
1 .OOOOE+OO 
1 .OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 . OOOOE+OO 
1 .OOOOE+OO 
1 . OOOOE+OO 
1 .OOOOE+OO 
1 . OOCOE+OO 
1 .OOOOE+OO 
1 . OOOOE+OO 
1 . OOCOE+OO
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M I N I M U M V A B V E R S U S  T I M E
1 . 4 6 5 6 E + 0 3 K K = 2 . O O O O E - O l

T I M E V A B I
0 . 0 1 . 4 6 5 6 E + 0 3 +
6 .  O O O O E - 0 5 1 . 4 8 2 2 E + 0 3 +

1 . 2 0 0 0 E - 0 4 1 . 4 9 8 2 E + 0 3 +

1 . 8 0 0 0 E - 0 4 1 . 5 1 3 4 E + 0 3 -  +
2  . 4 0 0 0 E - 0 4  
3 . 0 0 0 0 E - 0 4

1 . 7 5 1 2 E + 0 3  
2 . 1 3 8 4 E + 0 3

---- -- ---------- +

+
3 . 6 0 0 0 E - 0 4 2 . 4 9 3 0 E + 0 3

- +
4 . 2 0 0 0 E - 0 4 2 . 7 9 7 3 E + 0 3
4 . 8 0 0 0 E - 0 4 3 . 0 3 6 4 E + 0 3
5 . A 0 0 0 E - 0 4 3 . 1 9 8 8 E + 0 3
6 . 0 0 0 0 E - 0 4 3 . 2 7 7 7 E + 0 3
6 . 6 0 0 0 E - 0 4 1 . 7 2 2 9 E + 0 3 ------------------+

7 . 2 0 0 0 E - 0 4 I . 7 3 3 7 E + 0 3 ------------------+

7 . 8 0 0 0 E - 0 4 1 . 7 4 3 7 E + 0 3 ------------------+

8 . 4 0 0 0 E - 0 4 1 . 7 5 2 9 E + 0 3 -------+

9 . O O O O E -O A 1 . 7 6 1 3 E + 0 3 -------------------- +

9 . 6 0 0 0 E - 0 4 1 . 7 6 9 0 E + 0 3 --------------- -----+

1 . 0 2 0 0 E - 0 3 I . 7 7 5 8 E + 0 3 ---- ----------------+

1 . 0 8 0 0 E - 0 3 X . 7 8 1 8 E + 0 3 -------------------- +

1 . 1 4 0 0 E - 0 3 1 . 7 8 7 C E + 0 3 -------------------- +

1 1 2 0 0 0 E - 0 3 1 . 7 9 1 4 E + 0 3 -------------------- ♦

1 . 2 6 0 0 E - 0 3 1 . 7 9 5 0 E + 0 3 ------------ -----+

1 . 3 2 0 0 E - 0 3 1 . 7 9 7 8 E + 0 3 ----------------------- +

1 . 3 S 0 0 E - 0 3 1 . 7 9 9 8 E + 0 3 ------- ----------------+

1 . 4 4 0 0 E - 0 3 1 . 8 0 0 9 E + 0 3 ----------------------- +

1 . 5 0 0 0 E - 0 3 I . 8 0 1 2 E + 0 3 ----------------------- +

1 . 5 6 0 0 E - 0 3 1 . 8 0 0 7 E + 0 3 ----------------------- +

1 . 6 2 0 0 E - 0 3 1 . 7 9 9 4 E + 0 3 ----------------------- +

1 . 6 8 0 0 E - 0 3 1 . 7 9 7 3 E + 0 3 ---- ------------------+

1 . 7 4 0 0 E - 0 3 1 . 7 9 4 4 E + 0 3 - - - ---------------+

1 . 8 0 0 0 E - 0 3 1 . 7 9 0 6 E + 0 3 ---- -- -------------+

1 . 8 6 0 0 E - 0 3 1 . 7 S 6 0 E + 0 3 -------------------- +

1 . 9 2 0 0 E - 0 3 1 . 7 8 0 7 E + 0 3 ---------------------+

1 . 9 8 0 0 E - 0 3 I . 7 7 4 5 E + 0 3 ------------ -------+

2 . 0 4 0 0 E - 0 3 1 . 7 6 7 5 E + 0 3 ------- -------------+

2 . 1 0 0 0 E - 0 3 1 . 7 5 9 7 E + 0 3 -------------------- +

2 . 1 6 0 0 E - 0 3 1 . 7 5 1 1 E + 0 3 ------------------+

' 2 . 2 2 0 0 E - 0 3 1 . 7 4 1 8 E + 0 3 ------------------+

2 . 2 8 0 0 E - 0 3 1 . 7 3 1 6 E + 0 3 ------------------+

2 . 3 4 0 0 E - 0 3 1 . 7 2 0 7 E + 0 3 ------------------+

2 . 4 0 0 0 E - 0 3 1 . 7 0 9 0 E + 0 3 --------------- +

2 . 4 6 0 0 E - 0 3 1 . 6 9 6 5 E + 0 3 --------------- +

2 . 5 2 0 0 E - 0 3 1 . 6 8 3 2 E + 0 3 ------------ +

2 . 5 8 0 0 E - 0 3 1 . 6 6 9 2 E + 0 3 ------------ +

2 . 6 4 0 0 E - 0 3 1 . 6 5 9 5 E + 0 3 ------------ +

2 . 7 0 0 C E - 0 3 1 . 6 3 9 0 E + 0 3 ----------f

2 . 7 6 0 0 E - 0 3 1 . 6 2 2 7 E + 0 3 ----------+
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MAXIMUM
3.2852E+03

I VAS
4. 3137E+02 
4.4986E+02 
4.6811E+02 
4.8613E+02 
5.0390E+02 
5.2141E+02 
5.3866E+02 
5.5563E+02 

+ 5.7231E+02
---- + 5.8S71E+02
------ + 6.0480E+02

6 . 2 0 5 8 E + 0 2  
6 . 3 6 0 4 E + 0 2  
6 . 5 U 8 E  + 0 2  
6 . 6 5 9 9 E + 0 2  
6 . 8 0 4 5 E + 0 2  
6 . 9 4 5 7 E + 0 2  
7 . 0 8 3 3 E + 0 2  
7 . 2 1 7 3 E + 0 2  
7 . 3 4 7 6 E + 0 2  
7 . 4 7 4 1 E + 0 2  
7 . 5 9 6 S E + 0 2  
7 . 7 1 5 7 E + 0 2  
7 . 8 3 0 5 E + 0 2  
7 . 9 4 1 4 E + 0 2  
8 . 0 4 S 2 E + 0 2  
8 . 1 5 0 9 E + 0 2  
8 . 2 4 9 4 E + 0 2  
8 . 3 4 3 7 E + 0 2  
8 . 4 3 3 8 E + 0 2  
8 . 5 1 9 5 E + 0 2  
8 . 6 0 0 9 E + 0 2  
8 . 6 7 7 S E + 0 2  
8 . 7 5 0 3 E + 0 2  
8 . 8 1 S 4 E + 0 2  
8 . 3 8 1 9 E + 0 2  
8 . 9 4 0 9 E + 0 2  
8 . 9 9 5 3 E + 0 2  
9 . 0 4 5 1 E + 0 2  
9 . 0 9 0 3 E + 0 2  
9 . 1 3 0 S E + 0 2  
9 . 1 6 6 7 E + 0 2  
9 . 1 9 7 9 E + 0 2  
9 . 2 2 4 3 E  * 0 2  
9 . 2 4 6 1 E + 0 2  

'  9 . 2 6 3 1 E + 0 2

9 . 2 7 5 4 E + 0 2

VBS
- 9 . 2 7 3 1 E + 0 2  
- 9 . 2 S 4 2 E + 0 2  
- 9 . 2 6 5 6 E  * 0 2  

- 9 . 2 8 2 2 E + 0 2  
- 9 . 2 7 4 1 E + 0 2  
- 9 . 2 6 1 2 E + 0 2  
- 9 . 2 4 3 6 E + 0 2  
- 9 . 2 2 1 3 E  + 0 2  
- 9 . 1 9 4 2 E + 0 2  
- 9 . 1 6 2 5 E + 0 2  
- 9 . 1 2 6 0 E + 0 2  

- 9 . 0 S 4 9 E + 0 2  
- 9 . 0 3 9 1 E + 0 2  
- 8 . 9 8 8 S E + 0 2  
- 8 . 9 3 3 8 E + 0 2  
- 8 . 8 7 4 2 E + 0 2  
- 8 . 8 1 0 1 E + 0 2  
- 8 . 7 4 1 5 E + 0 2  
- 8 . 6 6 8 4 E + C 2  
- 8 . 5 9 0 9 E + 0 2  
- 8 . 5 0 9 0 E + 0 2  
- 8 . 4 2 2 7 E + 0 2  
- 8 . 3 3 2 2 E + 0 2  
- 8 . 2 3 7 3 E + 0 2  
- 8 . 1 3 6 3 E + 0 2  
- 8 . 0 3 5 1 E + 0 2  
- 7 . 9 2 7 8 E + 0 2  
- 7 . 8 1 6 4 E + 0 2  
- 7 . 7 0 1 0 E + 0 2  
- 7 . 5 8 1 7 E + 0 2  
- 7 . 4 5 S 5 E + 0 2  
- 7 . 3 3 I 5 E + 0 2  
- 7 . 2 0 0 7 E + 0 2  
- 7 . 0 6 6 3 E + 0 2  
- 6 . 9 2 8 2 E + 0 2  

- 6 . 7 6 6 6 E + 0 2  
- 6 . 6 4 I 5 E + 0 2  
- 6 . 4 9 3 0 E + 0 2  
- 6 . 3 4 1 2 E + 0 2  
- 6 . 1 3 6 2 E + 0 2  
- 6 . 0 2 8 0 E + 0 2  
- 5 . S 6 6 7 E + 0 2  
- 5 . 7 0 2 4 E + 0 2  
- 5 . 5 3 5 2 E + 0 2  
- 5 . 3 6 S 1 E + 0 2  
- 5 . 1 9 2 4 E + 0 2  
- 5 . 0 1 6 9 E + C 2

vcs
4 . 9 5 4 4 E + Q 2  
4 . 7 8 5 7 E + 0 2  
4 . 6 0 4 5 E + C 2  
4 . 4 2 0 9 E + 0 2  
4 . 2 3 5 1 E + 0 2  
4 . 0 4 7 1 E + 0 2  
3 . 8 5 7 0 E + 0 2  
3 . 6 6 5 0 E + 0 2  
3 . 4 7 1 1 E + 0 2  
3 . 2 7 5 4 E + 0 2  
3 .  0 7 S 1 E * 0 2  
2 . 8 7 9 1 E + 0 2  
2 . 6 7 8 7 E + 0 2  
2 . 4 7 6 9 E + 0 2  
2 . 2 7 3 9 E + 0 2  
2 . 0 6 9 7 E + 0 2  
1 . 8 6 4 4 E + 0 2  
1 . 6 5 6 2 E + 0 2  
1 . 4 5 1 1 E + 0 2  
1 . 2 4 3 3 E + 0 2  
1 . 0 3 4 9 E + 0 2  
8 . 2 5 9 I E + 0 I  
6 . 1 6 5 I E + 0 1  
4 . 0 6 8 0 E + 0 1  
1 . 9 6 8 8 E + 0 1 
I . 3 1 5 4 E + 0 0  
2 . 2 3 1 7 E + 0 1  
4 . 3 3 0 7 E + 0 1  
6 . 4 2 7 5 E + 0 1  
8 . 5 2 1 0 E + 0 1  
•1 . O 6 I 0 E  + 0 2  
■ 1 . 2 6 9 4 E  + 0 2  
■ 1 . 4 7 7 1 E + 0 2  
■ 1 . 6 8 4 1 E + C 2  

• 1 . 8 9 0 2 E + 0 2  

■ 2 . 0 9 5 3 E  + 0 2  
■ 2 . 2 9 9 4 E + 0 2  
■ 2 . 5 0 2 3 E  + 0 2  
■ 2 . 7 0 3 9 E  + 0 2  
2 . 9 0 4 1 E + 0 2  
3 . 1 0 2 9 E + 0 2  

■ 3 . 3 0 0 C E  + 0 2  
• 3 . 4 9 5 5 E  + 0 2  
3 . 6 3 9 2 E + 0 2  

■ 3 . 8 8 C 9 E  + 0 2  
■ 4 . 0 7 0 8 E  + 0 2  
• 4 . 2 5 6 S E + 0 2



T I M E
0 . 0
6 . O O O O E - 0 5  
1 . 2 0 0 0 E - 0 4  
1 . 8 0 0 0 E - 0 4  
2 . 4 0 0 0 E - 0 4  
3 . 0 0 0 0 E - 0 4  
3 . 6 0 0 0 E - 0 4  
4 . 2 0 0 0 E - 0 9  
4 . 8 0 0 0 E - 0 4  
5 . 4 0 0 0 E - 0 9  
6 . O O O O E - 0 4  
6 . 6 0 0 0 E - 0 9  
7 . 2 0 0 0 E - 0 4  
7 . 8 0 0 0 E - 0 4  
8 . 4 0 0 0 E - 0 4  
9 . 0 0 0 0 E - 0 4  

9 . 6 0 0 0 E - 0 4  
1 . 0 2 0 0 E - 0 3  
1 . 0 8 0 0 E - 0 3  
1 . 1 4 0 0 E - 0 3  
1 . 2 0 0 0 E - 0 3  
1 . 2 6 0 0 E - 0 3  
1 . 3 2 0 0 E - 0 3  
1 . 3 8 0 0 E - 0 3  
1 , 4 9 0 0 E r 0 3  
1 . 5 0 0 0 E - 0 3  
1 . 5 6 0 0 E - 0 3  
1 . 6 2 0 0 E - 0 3  
1 . 6 8 0 0 E - 0 3  
1 . 7 4 0 0 E - 0 3  
I . 8 0 0 0 E - 0 3  
1 . 8 6 0 0 E - 0 3  

1 . 9 2 0 0 E - 0 3  
1 . 9 8 0 0 E - 0 3  
2 . 0 4 0 0 E - 0 3  
2 . 1 0 0 0 E - 0 3  

2 . 1 6 0 0 E - 0 3  
2 . 2 2 0 0 E - 0 3  
2 . 2 8 0 0 E - 0 3  
2 . 3 4 0 0 E - 0 3  
2 . 9 0 0 0 E - 0 3  
2 . 4 6 0 0 E - 0 3  
2 - 5 2 0 0 E - 0 3  
2 . 5 8 0 0 E - 0 3  
2 . 6 4 0 0 E - 0 3  
2 . 7 0 0 0 E - 0 3  
2 . 7 6 0 0 E - 0 3

MINIMUM
1 . 4 6 5 6 E + 0 3

VAB
1 . 4 6 5 6 E + 0 3  
1 . 9 8 3 1 E + 0 3  
1 . 4 9 9 9 E + 0 3  
1 . 5 1 6 0 E + 0 3  
1 . 5 3 1 3 E + 0 3  
1 . S 4 5 9 E + 0 3  
1 . 7 4 8 0 E + 0 3  
2 . 0 0 5 5 E  + 0 3  
2 . 2 9 6 9 E + 0 3  
2 . 9 6 9 2 E + 0 3  
2 . 6 5 0 5 E + 0 3  
2 . 7 9 9 8 E + 0 3  
2 . 9 0 7 8 E  + 0 3  
2 . 9 7 1 3 E + 0 3  
2 . 9 8 9 2 E + 0 3  
1 . 7 6 1 6 E + 0 3  

1 . 7 6 9 3 E  + 0 3  
1 . 7 7 6 1 E + 0 3  
1 . 7 8 2 I E + 0 3  
1 . 7 8 7 3 E + 0 3  
1 . 7 9 1 7 E + 0 3  
1 . 7 9 5 3 E + 0 3  
1 . 7 9 8 1 E + 0 3  
1 . 8 0 0 1 E + 0 3  
1 . 8 0 1 2 E + 0 3  
1 . 8 0 I 5 E + 0 3  
1 . 8 0 I O E + 0 3  
1 . 7 9 9 7 E + 0 3  
1 . 7 9 7 6 E + 0 3  
1 . 7 9 4 7 E + 0 3  
1 . 7 9 0 9 E + 0 3  
1 . 7 8 6 3 E + 0 3  
1 . 7 8 I 0 E + 0 3  
1 . 7 7 4 8 E + 0 3  
1 . 7 6 7 8 E + 0 3  
1 . 7 6 0 0 E + 0 3  
1 . 7 5 I 9 E + 0 3  
1 . 7 4 2 1 E + 0 3  
1 . 7 3 1 9 E + 0 3  
I . 7 2 1 0 E + 0 3  
1 . 7 0 9 3 E + 0 3  
1 . 6 9 6 8 E + 0 3  
1 . 6 8 3 5 E + 0 3  
1 . 6 6 9 5 E + 0 3  
1 . 6 5 9 8 E + 0 3  
1 . 6 3 9 3 E + 0 3  
1 . 6 2 3 0 E + 0 3

I
+
+
+
-+
- +
— +
-------+

+
+
+
+
+
+

--------+
--------+
--------+
--------+
-------- +
--------+
-------+
-------+
-------+
-------+
------+
------+
-----+
-----+
-----+
----+
----+

+

+
+
+
+
+
*
+
+
+

VAB
KK

+

V E R S U S  T I M E  
3 . 0 0 0 0 E - 0 1

+
+

+
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M A X IM U M
3 . 2 8 5 2 E + 0 3

I

+
+

V A S
4 . 3 1 3 7 E + C 2  
4 . 4 9 8 6 E + 0 2  
A . 6 8 1 l c  + 0 2  
A . 8 6 1 3 E  + 0 2  
5 . 0 3 9 0 E + 0 2  
5 . 2 1 4 1 E + 0 2  
5 . 3 8 6 6 E + 0 2  
5 . 5 5 6 3 E + 0 2  
5 . 7 2 3 1 E + 0 2  
5 . 8 8 7 1 E + 0 2  
6 . 0 4 8 0 E + 0 2  
6 . 2 0 5 8 E + 0 2  
6 . 3 6 0 4 E + 0 2  
6 . 5 1 1 8 E + 0 2  
6 . 6 5 9 9 E + 0 2  
6 . 8 0 4 5 E + 0 2  
6 . 9 4 5 7 E + 0 2  

7 . 0 8 3 3 E + 0 2  
7 . 2 1 7 3 E + 0 2  
7 . 3 4 7 6 E + 0 2  
7 . 4 7 4 1 E + 0 2  
7 . 5 9 6 S E + 0 2  
7 . 7 1 5 7 E + 0 2  
7 . 8 3 0 5 E + 0 2  
7 . 9 4 1 4 E + 0 2  
8 . 0 4 S 2 E + 0 2  
8 . 1 5 0 9 E + 0 2  
8 . 2 4 9 4 E + 0 2  
8 . 3 4 3 7 E + 0 2  
8 . 4 3 3 3 E + 0 2  
8 . 5 1 9 5 E + C 2  
8 . 6 0 0 9 E + 0 2  
8 . 6 7 7 6 E + 0 2  
8 . 7 5 0 3 E + 0 2  
8 . 8 1 S 4 E + 0 2  
8 . S 8 1 9 E + 0 2  
8 . 9 4 0 9 E + 0 2  
3 . 9 9 5 3 E + 0 2  
9 . O A 5 1 E + 0 2  
9 .  Q 9 0 3 E + 0 2  
9 . 1 3 0 8 E + 0 2  
9 . 1 6 6 7 E + 0 2  
9 . 1 9 7 9 E + 0 2  
9 . 2 2 A 3 E + 0 2  

9 . 2 4 6 1 E + 0 2
9 . 2 6 3 1 E + 0 2  
9 . 2 7 5 A E + 0 2

V B S
- 9 . 2 7 8 1 E + 0 2  
- 9 . 2 6 4 2 E + 0 2  
- 9 . 2 8 5 6 E + 3 2  
- 9 . 2 8 2 2 E + 0 2  
- 9 . 2 7 4 1 E + 0 2  
- 9 . 2 6 1 2 E + 0 2  
- 9 . 2 4 3 6 E + 0 2  
- 9 . 2 2 1 3 E + 0 2  
- 9 . 1 9 4 2 E + 0 2  
- 9 . 1 6 2 5 E + 0 2  
- 9 . 1 2 6 0 E + 0 2  
- 9 . 0 8 4 9 E + 0 2  
- 9 . 0 3 9 1 E + 0 2  
- 8 . 9 8 3 8 E + 0 2  
- 8 . 9 3 3 8 E + 0 2  
- 8 . 8 7 4 2 E + 0 2  
- 8 ; 8 1 0 1 E + 0 2  
- 8 . 7 4 1 5 E + 0 2  
- 8 . 6 6 8 4 E + 0 2  
- 8 . 5 9 0 9 E + 0 2  
- 8 . 5 0 9 0 E + 0 2  

- 8 . 4 2 2 7 E + 0 2  

- 8 . 3 3 2 2 E + 0 2  
- 8 . 2 3 7 3 E + 0 2  
- 8 . 1 3 8 3 E + 0 2  
- 6 . 0 3 5 1 E + 0 2  
- 7 . 9 2 7 8 E + 0 2  
- 7 . 8 1 6 4 E + 0 2  
- 7 . 7 0 1 0 E + 0 2  
- 7 . 5 3 1 7 E + 0 2  
- 7 . 4 5 S 5 E + 0 2  

- 7 . 3 3 1 5 E + 0 2  
- 7 . 2 0 0 7 E + 0 2  
- 7 . 0 6 6 3 E + 0 2  

- 6 . 9 2 S 2 E + 0 2  
- 6 . 7 8 6 6 E + 0 2  
- 6 . 6 4 1 5 E + 0 2  
- 6 . 4 9 3 0 E + C 2  
- 6 . 3 4 1 2 E + 0 2  
- 6 . 1 8 6 2 E + 0 2  
- 6 . 0 2 3 0 E + 0 2  
- 5 . 8 6 6 7 E + 0 2  
- 5 . 7 0 2 4 E + 0 2  
- 5 . 5 3 5 2 E + 0 2  

- 5 . 3 6 5 1 E * 0 2  
- 5 . 1 9 2 4 E + 0 2  
- 5 . 0 1 6 9 E + 0 2

V C S
A . 9 6 4 4 E + 0 2  
A . 7 S 5 7 E + 0 2  
A . 6 0 A 5 E + 0 2  
A . A 2 0 9 E + 0 2  
A . 2 3 5 1 E + 0 2  

. A . 0 A 7 1 E + 0 2  
3 . 8 5 7 0 E + 0 2  
3 . 6 6 5 0 E + 0 2  
3 . A 7 1 I E + 0 2  
3 . 2 7 5 4 E + G 2  
3 . 0 7 S 1 E + 0 2  
2 8 7 9 1 E + 0 2  
2 . 6 7 8 7 E + 0 2  
2 . A 7 6 9 E + 0 2  
2 . 2 7 3 9 E + 0 2  
2 . 0 6 9 7 E + 0 2  
1 . 8 6 A A E + 0 2  
1 . 6 5 8 2 E + 0 2  

1 . A 5 1 1 E + 0 2  
1 . 2 4 3 3 E + 0 2  
1 . 0 3 A 9 E + 0 2  
8 . 2 5 9 1 E + 0 1  
6 . 1 6 5 1 E + 0 1  
A . 0 6 8 0 E + 0 1  
1 . 9 6 8 6 E + 0 1  

- 1 . 3 1 5 4 E + 0 0  
- 2 . 2 3 1 7 E + 0 1  
- 4 . 3 3 C 7 E + 0 1  
- 6 . A 2 7 5 E + 0 1  
- 8 . 5 2 1 0 E + 0 1  
- 1 . 0 6 1 C E + 0 2  

- 1 . 2 6 9 A E + 0 2  
- 1 . A 7 7 1 E + 0 2  

- 1 . 6 3 A 1 E + 0 2  
- 1 . 3 9 0 2 E + 0 2  
- 2 . 0 9 5 3 E + 0 2  
- 2 . 2 9 9 4 E + 0 2  
- 2 . 5 0 2 3 E + 0 2  
- 2 . 7 0 3 9 E + 0 2  
- 2 . 9 0 4 1 E + 0 2  
- 3 . 1 0 2 9 E + 0 2  
-Z. 3 0 0 0 E + 0 2  
- 3 . A 9 5 5 E + 0 2  
- 3 . 6 8 9 2 E + 0 2  
- 3 . 3 8 0 9 E + 0 2  
- 4 . 0 7 0 8 E + 0 2  
- A . 2 5 8 5 E + 0 2

0Z
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T I M E

- 1
V I

0 . 0 - 1 . 1 6 3 0 E + 0 3

6 . 0 0 0 0 E - 0 5 - 3 . 7 6 2 9 E + 0 2
1 . 2 0 0 0 E - 0 4 4 . 0 6 2 6 E + 0 2
1 . 8 0 0 0 E - 0 4 1 . 1 9 0 4 E + 0 3

2 . 4 0 0 0 E - 0 4 l . 7 5 1 2 E + 0 3
3 .  O O O O E - 0 9 2 . 1 3 8 4 E + 0 3

3 . 6 0 0 0 E - 0 4 2 . 4 9 3 0 E + 0 3
4 . 2 0 0 0 E - 0 4 2 . 7 9 7 3 E + 0 3
4 . 8 0 0 0 E - 0 4 3 . 0 3 6 4 E + 0 3
5 . 4 0 0 0 E - 0 4 3 . 1 9 8 8 E + 0 3
6 . 0 0 0 0 E - 0 4 3 . 2 7 7 7 E + C 3
6 . 6 0 0 0 E - 0 4 1 . 7 2 2 9 E + 0 3
7 . 2 0 0 0 E - 0 4 1 . 7 3 3 7 E + 0 3

7 . 8 0 0 0 E - 0 4 1 . 7 4 3 7 E + 0 3

8 . 4 0 0 0 E - 0 4 1 . 7 5 2 9 E + 0 3

9 . 0 0 0 0 E - 0 4 1 . 7 6 1 3 E + 0 3

9 . 6 0 p 0 E - 0 4 1 . 7 6 9 0 E + 0 3

1 . 0 2 0 0 E - 0 3 1 . 7 7 5 8 E + 0 3

1 . 0 8 0 0 E - 0 3 1 . 7 8 1 8 E + 0 3

1 . 1 4 0 0 E - 0 3 1 . 7 8 7 0 E + 0 3

1 . 2 0 0 0 E - 0 3 1 . 7 9 1 4 E + 0 3

1 . 2 6 0 0 E - 0 3 1 . 7 9 5 0 E + 0 3

1 . 3 2 0 0 E - 0 3 1 . 7 9 7 S E + 0 3
1 . 3 8 0 0 E - 0 3 1 . 7 9 9 8 E + 0 3
1 . 4 4 0 0 E - 0 3 1 . 3 0 0 9 E + 0 3
1 . 5 0 0 0 E - 0 3 I . 8 0 1 2 E + 0 3
1 . 5 6 0 0 E - 0 3 1 . 8 0 0 7 E + 0 3
1 . 6 2 0 0 E - 0 3 1 . 7 9 9 4 E + 0 3
1 . 6 8 0 0 E - 0 3 1 . 7 9 7 3 E + 0 3
1 . 7 4 0 0 E - 0 3 1 . 7 9 4 4 E + 0 3
1 . 8 0 0 0 E - 0 3 1 . 7 9 0 6 E + 0 3
1 . 8 6 0 0 E - 0 3 1 . 7 8 6 0 E  + 0 3
1 . 9 2 0 0 E - 0 3 1 . 7 6 0 7 E + 0 3

1 . 9 S 0 0 E - 0 3 1 . 7 7 4 5 E + 0 3

2 . C 4 0 0 E - 0 3 1 . 7 6 7 5 E + 0 3

2 . 1 0 0 0 E - 0 3 1 . 7 5 9 7 E + 0 3

2 . 1 6 0 0 E - 0 3 1 . 7 5 U E  + 0 3

2 . 2 2 0 0 E - 0 3 1 . 7 4 1 8 E + 0 3

2 . 2 8 0 0 E - 0 3 1 . 7 3 1 6 E + 0 3

2 . 3 4 0 0 E - 0 3 1 . 7 2 0 7 E + 0 3
2 . A O O O E - 0 3 1 . 7 0 9 0 E + 0 3
2 . 4 6 0 0 E - 0 3 1 . 6 9 S 5 E + 0 3

2 . 5 2 0 0 E - 0 3 1 . 6 8 3 2 E + 0 3
2 . 5 8 0 0 E - 0 3 1 . 6 6 9 2 E  + 0 3

2 . 6 4 0 0 E - 0 3 1 . 6 5 4 5 E + 0 3

2 . 7 0 0 0 E - 0 3 1 . 6 3 9 C E + 0 3

2 . 7 6 0 0 E - 0 3 1 . 6 2 2 7 E + 0 3

M I N I M U M  
> 3 0 E + 0  
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ID
2 . 7 7 7 3 E + 0 2  
2 . 7 8 0 0 E + 0 2  
2 . 7 8 1 7 E + 0 2  
2 . 7 8 2 4 E + 0 2  
2 . 7 8 2 4 E + 0 2  
2 . 7 8 1 8 E + 0 2  
2 . 7 8 0 7 E + 0 2  
2 . 7 7 9 4 E + 0 2  
2 . 7 7 7 6 E + 0 2  
2 . 7 7 5 7 E + 0 2  
2 . 7 7 3 6 E + 0 2  
2 . 7 7 1 2 E + 0 2  
2 . 7 7 0 9 E + 0 2  
2 . 7 7 0 6 E + 0 2  
2 . 7 7 0 3 E + 0 2  
2 . 7 6 9 8 E + 0 2  
2 . 7 6 9 4 E + 0 C  

2 . 7 6 9 Q E + 0 2  
2 . 7 6 8 5 E + 0 2  
2 . 7 6 8 1 E + 0 2  
2 . 7 6 7 6 E + 0 2  
2 . 7 6 7 2 E + 0 2  

2 . 7 6 6 8 E + 0 2  
2 . 7 6 6 3 E + 0 2  
2 . 7 6 5 9 E + 0 2  
2 . 7 6 5 4 E + 0 2  
2 . 7 6 5 0 E + 0 2  
2 . 7 6 4 6 E + 0 2  
2 . 7 6 4 1 E + 0 2  
2 . 7 6 3 7 E + 0 2  
2 . 7 6 3 3 E + 0 2  
2 . 7 6 2 8 E + 0 2  
2 . 7 6 2 4 E + 0 2  
2 . 7 6 1 9 E + 0 2  

2 . 7 6 1 5 E + 0 2  
2 . 7 6 1 1 E + 0 2  
2 . 7 6 0 6 E + 0 2  
2 . 7 6 0 3 E + 0 2  
2 . 7 6 0 0 E + 0 2  
2 . 7 5 9 7 E + 0 2  
2 . 7 5 9 4 E + 0 2  
2 . 7 5 9 1 E + 0 2  
2 . 7 5 8 3 E + 0 2  
2 . 7 5 S 5 E + 0 2

+ 2 . 7 5 6 2 E + 0 2  
+ ‘ 2 . 7 5 7 9 E + 0 2  
+ 2 . 7 5 7 7 E + C 2

VD C

1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E  + 0 3  
1 . 5 0 0 0 E  + 03. 
1 . 5 0 C O E + 0 3  
1 . 5 0 0 2 E + 0 3  
1 . 5 0 0 2 E + 0 3  
1 - 5 0 0 2 E + 0 3  
1 . 5 0 0 2 E + 0 3  
1 . 5 0 C 2 E + 0 3  
1 . 5 0 0 2 E  + 0 3  
1 . 5 0 0 2 E  + 0 3  
1 . 5 0 0 0 E  + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E  + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  

1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  

1 . 5 0 0 0 E + 0 3  
1 . 5 C O O E + 0 3  
1 . 5 0 0 C E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + C 3  
1 - 5 0 0 0 E + 0 3  
1 . 5 0 0 C E + 0 3  
1 . 5 0 0 0 E  + 0 3  
1 . 5 0 0 C E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 C 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E  + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 C C E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . 5 0 0 0 E + 0 3  
1 . E C 0 O E + 0 3  

1 . 5 0 0 0 E + 0 3  
1 . 5 0 C 0 E + 0 3  
1 . 5 0 0 0 E  + 0 3

M2
0.0
0.0
0.0
0.0
1 . 0 0 0 0 E + 0 0  
1 . 0 0 0 0 E + 0 0  
1 .OOOOE + OO 
1 . 0 0 C 0 E + C 0  
1 . OOOOE+OO 
1 .OOOCE+OO 
1 . 0 0 0 0 E + C 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
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T I M E
0 . 0
6 . 0 0 0 0 E - 0 5  
1 . 2 0 0 0 E - 0 4  
1 . 8 0 0 0 E - 0 4  
2 . 4 0 0 C E - 0 4  
3 . 0 0 0 0 E - 0 4  
3 . 6 0 0 0 E - 0 4  
4 . 2 0 0 0 E - 0 4  
4 . 8 0 0 0 E - 0 4  
5 . 4 0 0 0 E - 0 4  
6 . 0 0 0 0 E - 0 4  
6 . 6 0 0 0 E - 0 4  
7 . 2 0 0 0 E - 0 4  
7 . 8 0 0 0 E - 0 4  

8 . 4 0 0 0 E - 0 4  
9 . 0 0 0 0 E - 0 4  
9 . 6 0 0 0 E - 0 4  
1 . 0 2 0 0 E - 0 3  
1 . 0 8 0 0 E - 0 3  
1 . 1 4 0 0 E - 0 3  
1 . 2 0 0 0 E - 0 3  

1 . 2 6 0 0 E - 0 3  
1 . 3 2 0 0 E - 0 3  
1 . 3 8 0 0 E - 0 3  
1 . 4 4 0 0 E - 0 3  
1 . 5 0 0 0 E - 0 3  
1 . 5 6 0 0 E - 0 3  

1 . 6 2 0 0 E - 0 3  
1 . 6 8 0 0 E - 0 3  
1 . 7 4 0 0 E - 0 3  
1 . 8 0 0 0 E - 0 3  
1 . 8 6 0 0 E - 0 3  
1 . 9 2 0 0 E - 0 3  
1 . 9 8 0 0 E - 0 3  
2 . 0 4 0 0 E - 0 3  
2 . 1 0 0 0 E - 0 3  
2 . 1 6 0 0 E - 0 3  
2 . 2 2 0 0 E - 0 3  
2 . 2 S 0 0 E - 0 3  
2 . 3 4 0 0 E - 0 3  
2 . 4 0 0 0 E - 0 3  
2 . 4 6 0 0 E - 0 3  
2 . 5 2 0 0 E - 0 3  
2 . 5 8 0 0 E - 0 3  
2 . 6 4 0 0 E - 0 3  
2 . 7 0 0 0 E - 0 3  
2 . 7 6 0 0 E - 0 3

M I N I M U M  V I  V E R S U S  T I M E  M A X IM U M
- 1 . 1 6 3 0 E + 0 3  K K  = 4 . 0 0 0 0 E - 0 1  3 . 2 8 5 2 E + 0 3

V I  I  I  I D  V D C  M2
- 1 . 1 6 3 0 E + 0 3  + 2 . 7 7 7 3 E + 0 2  1 . 5 0 0 0 E + C 3  0 . 0
- 7 . 7 9 1 0 E + 0 2  ----------+ 2 . 7 3 0 2 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
- 3 . 9 5 5 6 E + 0 2  ---------------------+  2 . 7 8 2 6 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
- 1 . 2 4 4 7 E + 0 1  --------------------------------+  2 . 7 8 4 6 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0

3 . 7 0 1 9 E + 0 2  --------------------------------------------- +  2 . 7 8 6 1 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0 ,
7 . 5 2 2 9 E + 0 2  --------------------------------------------------------+ 2 . 7 8 7 2 E + 0 2  I . 5 0 0 0 E + 0 3  0 . 0
1 . 1 3 3 8 E + 0 3  -------------------------------------------------------------------+  2 . 7 8 7 8 E  + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 5 1 4 7 E + 0 3  -------------------------------------------------------------------------------- + 2 . 7 8 7 9 E  + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 4 2 0 E + 0 3  -------------------------------------------------------------------------- -- --------+ 2 . 7 8 7 7 E + 0 2  1 . 5 0 0 1 E + 0 3  1 . 0 0 0 0 E + 0 0
1 . 9 3 4 0 E + 0 3  -------------------------------------------------------------------------------------------+  2 . 7 6 7 2 E  + 0 2  1 . 5 0 0 2 E + 0 3  1 . 0 0 0 0 E  + 0 0
2 . 1 I 6 4 E + 0 3  ---------------------------------------------------------------- ------------------------------- + 2 . 7 8 6 5 E + 0 2  1 . 5 0 0 2 E + 0 3  l .O O C O E + O O
2 . 2 8 4 S E + 0 3  ----------------------------------------------------------------------------------------------------- + 2 . 7 8 5 6 E + 0 2  1 . 5 0 0 2 E + 0 3  1 . 0 0 0 0 E  + 0 0
2 . 4 3 5 0 E + 0 3  ------------------------------- ---------------------------------------------------------------------------+  2 . 7 8 4 6 E + 0 2  1 . 5 0 0 2 E + 0 3  1 . 0 0 0 0 E + 0 0
2 . 5 6 3 6 E + 0 3  ------------------------------------------------------------------------------------------------------------- +  2 . 7 6 3 4 E + 0 2  1 . 5 0 0 2 E  + 0 3  1 . 0 0 0 0 E + 0 0
2 . 6 6 7 7 E + 0 3  -------------------------------------------------------------------------------------------------------------------+  2 . 7 8 2 0 E  + 0 2  1 . 5 0 0 2 E + 0 3  1 . 0 0 0 0 E + 0 0
2 . 7 4 4 9 E + 0 3  -------------------------------------------------------------------------------------------------------------------+ 2 . 7 8 0 6 E  + 0 2  1 . 5 0 0 2 E + 0 3  1 . 0 0 0 0 E + C 0
2 . 7 9 3 8 E + 0 3  ----------------------------------------------------------------------------------------------------------------------+ 2 . 7 7 9 0 E + 0 2  1 . 5 0 0 1 E + 0 3  1 . 0 0 0 0 E + 0 0
2 . 8 1 3 7 E  + 0 3  -------------------------------------------- ------------------------------------------------------------------------- + 2 . 7 7 7 4 E + 0 2  I . 5 0 0 2 E + 0 3  1 . 0 0 0 0 E + 0 0
1 . 7 8 2 4 E + 0 3  — ------------ -------------------------------- -----------------------------— + 2 . 7 7 6 4 E  + 0 2  1 . 5 0 0 0 E  + 0 3  0 . 0
1 . 7 8 7 6 E  + 0 3   * 2 . 7 7 6 0 E  + 0 2  . 1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 9 2 0 E + 0 3   + 2 . 7 7 5 5 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 9 5 6 E  + 0 3   +  2 . 7 7 5 1 E  + 0 2  1 . 5 0 0 0 E » 0 3  0 . 0

1 . 7 9 8 4 E + 0 3          + 2 . 7 7 4 6 E  + 0 2  1 . 5 0 0 0 E  + 0 3  0 . 0
I . 8 0 0 3 E + 0 3    + 2 . 7 7 4 2 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
I . 8 0 1 5 E + 0 3   —  + 2 . 7 7 3 8 E + 0 2  1 . 5 0 0 0 E  + 0 3  0 . 0
1 . 8 0 I 8 E  + 0 3  -------------------------------------------------- - ---------------------------------- +  2 . 7 7 3 3 E + 0 2  1 . 5 0 0 C E + 0 3  0 . 0
1 . 8 0 1 3 E + 0 3  ------------ -- -------------------------------------------------------- — ---------- + 2 . 7 7 2 9 E  + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 8 0 0 0 E + 0 3   +  2 . 7 7 2 4 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 9 7 9 E + 0 3   +  2 . 7 7 2 0 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 9 4 9 E  + 0 3   + 2 . 7 7 1 6 E  + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 9 1 2 E + 0 3  --------------------------------------------------------------------------------— - +  2 . 7 7 1 1E  + 0 2  I . B 0 0 0 E  + 0 3  0 . 0
1 . 7 8 6 6 E  + 0 3  ---------------------------------------------•------------------------------------------ +  2 . 7 7 0 7 E  + 0 2  1 . 5 0 0 0 E  + 0 3  0 . 0
1 . 7 8 1 2 E + 0 3    +  2 . 7 7 0 2 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 7 5 0 E + 0 3   +  2 . 7 6 9 8 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 6 8 1 E + 0 3   + 2 . 7 6 9 4 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 6 0 3 E + 0 3    + 2 . 7 6 8 9 E  + 0 2  1 . 5 C 0 0 E + 0 3  0 . 0
1 • 7 5 1 7 E + 0 3   + 2 . 7 6 8 5 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 • 7 4 2 3 E  + 0 3   + 2 . 7 6 8 1 E  + 0 2  1 . 5 0 0 0 E  + 0 3  0 . 0
1 . 7 3 2 2 E + 0 3  ------------------------------------------------------------------------ ;------------ + 2 . 7 6 7 9 E 4 - 0 2  I . 5 0 0 0 E  + 0 3  0 . 0
1 . 7 2 1 2 E  + 0 3    + 2 . 7 6 7 6 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 7 0 9 5 E  + 0 3   + 2 . 7 6 7 3 E  + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 6 9 7 0 E + 0 3   + 2 . 7 6 7 0 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 6 8 3 8 E  + 0 3   + 2 . 7 6 6 7 E  + 0 2  1 . 5 0 0 0 E  + 0 3  0 . 0
1 . 6 6 9 3 E + 0 3   + 2 . 7 6 6 4 E + 0 2  1 . 5 0 0 0 E + 0 3  0 . 0
1 . 6 5 5 0 E + 0 3     + 2 . 7 6 6 1 E + 0 2  1 . 5 0 0 0 E + C 3  0 . 0
1 . 6 3 9 5 E + 0 3   + 2 . 7 6 S 8 E + G 2  I . 5 C 0 0 E + 0 3  0 . 0
1 . 6 2 3 3 E  + 0 3   + 2 . 7 6 5 5 E + 0 2  1 . 5 0 0 0 E  + 0 3  0 . 0
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T I M E
0 . 0
6 . 0 0 0 0 E - 0 5  
1 . 2 0 0 0 E - 0 4  
1 . 8 0 0 0 E - 0 4  
2 . 4 0 0 0 E - 0 4  
3 . O O O O E - 0 4  
3 . 6 0 0 0 E - 0 4  
A . 2 0 0 0 E - 0 4  
4 . 8 0 0 0 E - 0 4  
5 . 4 0 0 0 E - 0 4  
6 . 0 0 0 0 E - 0 4  
6 . 6 0 0 0 E - 0 4  
7 . 2 0 0 0 E - 0 4  
7 . 8 0 0 0 E - 0 4  
8 . 4 0 0 0 E - 0 4  
9 . 0 0 0 0 E - 0 4  

9 . 6 0 0 0 E - 0 4  
1 . 0 2 0 0 E - 0 3  
1 . 0 8 0 0 E - 0 3  
1 . 1 4 0 0 E - 0 3  
1 . 2 0 0 0 E - 0 3  
1 . 2 6 0 0 E - 0 3  
1 . 3 2 0 0 E - 0 3  
1 . 3 S 0 0 E - 0 3  
1 . 4 4 0 0 E - 0 3  
1 . 5 0 0 0 E - 0 3  

1 . 5 6 0 0 E - 0 3  
1 . 6 2 0 0 E - 0 3  
1 . 6 8 0 0 E - 0 3  
1 . 7 4 0 0 E - 0 3  
1 . 8 0 0 0 E - 0 3  
1 . 6 6 0 0 E - 0 3  
1 . 9 2 0 0 E - 0 3  
1 . 9 8 0 0 E - 0 3  
2 . 0 4 0 0 E - 0 3  
2 . 1 0 0 0 E - 0 3  
2 . I 6 0 0 E - 0 3  

2 . 2 2 0 0 E - 0 3  
2 . 2 6 0 0 E - 0 3  
2 . 3 4 0 0 E - 0 3  
2 . 4 0 0 0 E - 0 3  
2 . 4 6 0 0 E - 0 3  

2 . 5 2 0 0 E - 0 3  
2 . 5 8 0 0 E - 0 3  
2 . 6 4 0 0 E - 0 3  
2 . 7 0 0 0 E - 0 3  
2 . 7 6 0 0 E - 0 3

M I N I M U M  VC

- 2 . 8 0 0 0 E + 0 3  K K
V C  I

- 2 . 8 0 0 0 E + 0 3  +
- 2 . 2 6 2 1 E + 0 3  ------------ 4

- 1 . 7 2 3 7 E + 0 3  ---------------------+
- 1 . 1 8 5 0 E + 0 3  ----------------------- - - - +
- 6 . A 6 0 3 E + 0 2  ---------------------------------------------------- 4

- 1 . 0 6 9 3 E + 0 2  ------------------------------------------------------- 4

4 . 3 0 9 0 E + 0 2
9 . 5 5 1 4 E 4 0 2
1 . 4 4 8 5 E 4 0 3
1 . 8 9 4 9 E 4 0 3
2 . 2 8 0 3 E + 0 3
2 . 5 9 2 9 E + 0 3
2 . 8 2 3 7 E + 0 3
2 . 9 6 6 8 E + 0 3
3 . 0 1 9 3 E + 0 3
3 . 0 1 9 6 E + 0 3
3 . 0 1 9 6 E + 0 3
3 . 0 I 9 6 E 4 0 3
3 . 0 I 9 6 E + 0 3
3 . 0 1 9 5 E + 0 3
3 . 0 1 9 5 E + 0 3
3 . 0 1 9 5 E + 0 3
3 . 0 1 9 5 E . 4 0 3
3 . 0 1 9 5 E + 0 3
3 . 0 1 9 5 E + 0 3
3 . 0 1 9 5 E  + 0 3

3 . 0 1 9 4 E 4 0 3
3 . 0 1 9 4 E  + 0 3
3 . 0 1 9 4 E + 0 3
3 . 0 1 9 4 E + 0 3
3 . 0 1 9 4 E  + 0 3 .
3 . 0 1 9 4 E + 0 3
3 . 0 1 9 4 E + 0 3
3 . 0 1 9 3 E + 0 3
3 . 0 1 9 3 E + 0 3
3 . 0 1 9 3 E + 0 3 '
3 . 0 1 9 3 E + 0 3
3 . 0 1 9 3 E + 0 3
3 . 0 1 9 3 E + 0 3
3 . 0 1 9 2 E + 0 3
3 . 0 1 9 2 E + 0 3
3 . 0 1 9 2 E + 0 3
3 . 0 1 9 2 E + 0 3
3 . 0 1 9 2 E + 0 3
3 . 0 1 9 2 E + 0 3
3 . 0 1 9 2 E + 0 3
3 . 0 I 9 1 E + 0 3

VERSUS TIME
: 3 .OOOOE-Ol

+
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+
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+
4

M A X IM U M
3 . 5 7 3 6 E + 0 3

I
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4  
4 
4 
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4 
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4 
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■4 

■4 
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I C
2 . 7 7 7 3 E 4 0 2  
2 . 7 8 0 1 E 4 0 2  
2 . 7 8 2 3 E > 0 2  
2 . 7 S 3 9 E  + 0 2  
2 . 7 8 4 8 E 4 0 2  
2 . 7 8 5 2 E 4 0 2  

2 . 7 5 8 7 E 4 0 2  
2 . 6 4 3 0 E 4 0 2  
2 . 4 4 0 7 E 4 0 2  
2 .  1 6 0 0 E  + 0 2  
1 . S 1 2 0 E + 0 2  
1 . 4 1 0 1 E 4 0 2  
9 . 6 9 4 3 E 4 0 1  
5 . 0 6 2 4 E 4 0 1  
3 . 7 4 4 2 E 4 0 0  

- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 S E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  

- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 S E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 3 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  

- 5 . 3 6 3 S E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 8 E - 0 3  
- 5 . 3 6 3 3 E - 0 3  
- 5 . 3 6 3 6 E - 0 3  
- 5 . 3 6 3 3 E - 0 3  
- 5 . 3 6 3 S E - 0 3  

- 5 . 3 6 3 3 E - 0 3

I A
0 . 0
0 . 0
0.0
0 . 0
0 . 0
0 . 0
2 . 6 2 8 3 E + 0 0  
1 . 4 1 4 1 E 4 0 1  
3 . 4 2 9 7 E + 0 1 
6 . 2 2 6 3 8 4 0 1  
9 . 6  9 3 1 E 4 0 1  
1 . 3 6 9 7 E 4 0 2  
1 . 8 0 6 S E 4 0 2  
2 . 2 7 0 2 E 4 0 2  

2 . 7 3 7 2 E 4 0 2  
2 . 7 7 4 1 E 4 0 2  
2 . 7 7 3 7 E 4 0 2  
2 . 7 7 3 3 E 4 0 2  
2 . 7 7 2 8 E 4 0 2  
2 . 7 7 2 4 E 4 0 2  
2 . 7 7 1 9 E 4 0 2  
2 . 7 7 1 5 E 4 0 2  
2 . 7 7 1 1 E 4 0 2  
2 . 7 7 0 6 E 4 0 2  
2 . 7 7 0 2 E 4 0 2  
2 . 7 6 9 7 E 4 0 2  
2 . 7 6 9 3 E 4 0 2  
2 . 7 6 8 9 E 4 0 2  
2 . 7 6 3 4 E 4 0 2  
2 . 7 6 8 0 E 4 0 2  
2 . 7 6 7 5 E 4 0 2  
2 . 7 6 7 1 E 4 0 2  
2 . 7 6 6 7 E 4 0 2  
2 . 7 6 6 2 E 4 0 2  
2 . 7 6 5 S E 4 0 2  
2 . 7 6 5 3 E 4 0 2  
2 . 7 6 4 9 E 4 0 2  
2 . 7 6 4 6 E 4 0 2  
2 . 7 6 4 3 E 4 0 2  
2 . 7 6 4 0 E 4 0 2  
2 . 7 6 3 7 E 4 0 2  
2 . 7 6 3 4 E 4 0 2  
2 . 7 6 3 1 E 4 0 2  
2 . 7 6 2 3 E 4 0 2  
2 . 7 6 2 5 E 4 0 2  
2 . 7 6 2 2 E 4 0 2  

2 . 7 6 2 0 E 4 0 2

M2
0.0
0.0
0.0
0.0
0 . 0
0 . 0
1 .O O O O E 4 0 0  
1 . 0 0 0 0 E 4 0 0  
1 . 0 0 0 0 E 4 0 0  
1 . O 0 C 0 E 4 0 0  
1 . 0 0 0 0 E 4 0 0  
1 . 0 0 0 0 E 4 0 0  
1 . OOOOEt OO 
1 . 0 0 0 0 E 4 0 0  
1 . 0 0 0 0 E 4 0 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 - 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0
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T I M E
0 . 0
6 . 0 0 0 0 E - 0 5  
1 . 2 0 0 0 E - 0 4  
1 . 8 0 0 0 E - 0 4  
2 . 4 0 0 0 E - 0 4  
3 . 0 0 0 0 E - 0 4  
3 . 6 0 0 0 E - 0 4  
4 . 2 0 0 0 E - 0 4  
4 . 8 0 0 0 E - 0 4  
5 . 4 0 0 0 E - 0 4  
6 . 0 0 0 0 E - 0 4  
6 . 6 0 0 0 E - 0 4  
7 . 2 0 0 0 E - 0 4  
7 . 8 0 0 0 E - 0 4  

8 . 4 0 0 0 E - 0 4  
9 . 0 0 0 0 E - 0 4  
9 . 6 0 0 0 E - 0 4  
1 . 0 2 0 0 E - 0 3  
1 . 0 8 0 0 E - 0 3  
1 . 1 4 0 0 E - 0 3  
1 . 2 0 0 0 E - 0 3  
1 . 2 6 0 0 E - 0 3  
1 . 3 2 0 0 E - 0 3  
1 . 3 8 0 0 E - 0 3  
1 . 4 4 0 0 E - 0 3  
1 . 5 0 0 0 E - 0 3  
1 . 5 6 0 0 E - 0 3  
1 . 6 2 0 0 E - 0 3  
1 . 6 8 0 0 E - 0 3  
1 . 7 4 0 0 E - 0 3  
1 . 8 0 0 0 E - 0 3  
1 . 8 6 0 0 E - 0 3  
1 . 9 2 0 0 E - 0 3  
1 . 9 8 0 0 E - 0 3  
2 . 0 4 0 0 E - 0 3  
2 . 1 0 0 0 E - 0 3  
2 . X 6 0 0 E - 0 3  
2 . 2 2 0 0 E - 0 3  

2 . 2 6 0 0 E - 0 3  
2 . 3 4 0 0 E - 0 3  
2 . 4 0 0 0 E - 0 3  
2 . 4 6 0 0 E - 0 3  
2 . 5 2 0 0 E - 0 3  
2 . 5 8 0 0 E - 0 3  
2 . 6 4 0 C E - 0 3  
2 . 7 0 0 0 E - 0 3  
2 . 7 6 0 0 E - 0 3

M I N I M U M  

- 2 . 8 0 0 0 E + 0 3  
V C  I

- 2 . 8 0 0 0 E + 0 3  +
- 2 . 3 9 6 6 E + 0 3  

- 1 . 9 9 2 8 E + 0 3  
- I . 5 8 8 6 E + 0 3  
- 1 . 1 6 4 3 E + 0 3  
- 7 . 7 9 7 0 E + 0 2  
- 3 . 7 5 0 2 E + 0 2  

2 . 9 7 1 I E + 0 1  
4 . 3 3 4 7 E + 0 2  
8 . 2 8 9 3 E + 0 2  
1 . 2 0 6 5 E + 0 3  
1 . 5 5 7 3 E + 0 3  
1 . 8 7 3 0 E + 0 3  
2 . 1 4 6 7 E + 0 3  
2 . 3 7 2 4 E + 0 3  
2 . 5 4 5 7 E + 0 3  
2 . 6 6 3 4 E + 0 3  
2 . 7 2 4 0 E + 0 3  
2 . 7 3 3 0 E + 0 3  
2 . 7 3 3 0 E + 0 3  
2 . 7 3 3 0 E + 0 3  
2 . 7 3 3 0 E + 0 3  
2 . 7 3 3 0 E  + 0 3  
2 . 7 3 2 9 E + 0 3  
2 . 7 3 2 9 E + 0 3  
2 . 7 3 2 9 E + 0 3  
2 . 7 3 2 9 E + 0 3  
2 . 7 3 2 9 E + 0 3  
2 . 7 3 2 9 E + 0 3  
2 . 7 3 2 9 E + 0 3  
2 . 7 3 2 6 E + 0 3  
2 . 7 3 2 8 E + 0 3  
2 . 7 3 2 8 E + 0 3  
2 . 7 3 2 6 E + 0 3  
2 . 7 3 2 3 E + 0 3  
2 . 7 3 2 8 E + 0 3  
2 . 7 3 2 8 E + 0 3  
2 . 7 3 2 7 E + 0 3  
2 . 7 3 2 7 E + 0 3  
2 . 7 3 2 7 E + 0 3  
2 . 7 3 2 7 E + 0 3  
2 . 7 3 2 7 E + 0 3  
2 . 7 3 2 7 E + 0 3  
2 . 7 3 2 7 E + 0 3  
2 . 7 3 2 6 E + 0 3  
2 . 7 3 2 6 E + 0 3  
2 . 7 3 2 6 E + 0 3

V C  V E R S U S  T I M E  
K K  = 4 . O O O O E - O l

M A X IM U M
3 . 5 7 3 6 E + 0 3

I  I C
2 . 7 7 7 3 E + 0 2  
2 . 7 8 0 2 E + 0 2  
2 . 7 8 2 6 E + 0 2  
2 . 7 8 4 6 E + 0 2  
2 . 7 6 6 1 E + 0 2  
2 . 7 8 7 2 E + 0 2  

2 . 7 8 7 8 E + 0 2  
2 . 7 8 7 9 E + 0 2  
2 . 7 6 3 9 E + 0 2  
2 . 6 7 3 3 E + 0 2  
2 . 5 1 8 4 E + 0 2  
2 . 3 0 4 4 E + 0 2  
2 . 0 3 7 6 E + 0 2  

1 . 7 2 6 0 E + 0 2  
1 . 3 7 8 4 E + 0 2  
1 . 0 0 4 7 E + 0 2  
6 . 1 5 2 0 E + 0 1  
2 . 2 0 6 4 E + 0 1  

- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . S 3 0 8 E - 0 3  
- 6 . 8 3 G 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . S 3 0 S E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 —S 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 S E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 S E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 C 8 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 C S E - 0 3  
- 6 .  6 3 0 3 E - 0 3  
- 6 . 8 3 0 8 E - 0 3  
- 6 . 8 3 C 3 E - 0 3  

- 6 . 8 3 0 8 E - 0 3

I A M2
0 . 0 0 . 0
0 . 0 0 . 0
0 . 0 0 . 0
0 . 0 0 . 0
0 . 0 0 . 0
0 . 0 0 . 0
0 . 0 0 . 0
0 . 0 0 . 0
2 . 3 7 7 4 E + 0 0 1 . O o o u t ' + O O
1 . 1 3 9 0 E + 0 1 1 .O OOO E+OO
2 . 6 S 0 5 E + 0 1 1 . 0 0 0 0 E  + 0 0
4 . 8 X 2 3 E + 0 1 1 .O O O O E+O O
7 . 4 6 9 6 E + 0 1 1 . 0  0 0 0 E + 0 0
1 . 0 5 7 4 E + 0 2 1 . OOOOE+OO
1 . 4 0 3 6 E + 0 2 1 . OOOOE+OO
X . 7 7 5 9 E + 0 2 1 .O OOO E+OO
2 . 1 6 3 8 E + 0 2 1 .O O O O E+O O
2 . 5 5 6 8 E + 0 2 1 . OOOOE+OO
2 . 7 7 6 4 E + 0 2 0 . 0
2 . 7 7 6 0 E + 0 2 0 . 0
2 . 7 7 5 5 E + 0 2 0 . 0
2 . 7 7 5 1 E + 0 2 0 . 0
2 . 7 7 4 6 E + 0 2 0 . 0
2 . 7 7 4 2 E + C 2 0 . 0
2 . 7 7 3 8 E + 0 2 0 . 0
2 . 7 7 3 3 E + 0 2 0 . 0
2 . 7 7 2 9 E + 0 2 ' 0 . 0
2 . 7 7 2 4 E + 0 2 0 . 0
2 . 7 7 2 0 E + 0 2 0 . 0
2 . 7 7 1 6 E + 0 2 0 . 0
2 . 7 7 1 1 E + 0 2 . 0 . 0
2 . 7 7 0 7 E + 0 2 0 . 0
2 . 7 7 0 2 E + 0 2 0 . 0
2 . 7 6 9 8 E + 0 2  . 0 . 0
2 . 7 6 9 4 E + 0 2 0 . 0
2 . 7 6 6 9 E + 0 2 0 . 0
2 . 7 6 8 5 E + 0 2 0 . 0
2 . 7 6 8 1 E + 0 2 0 . 0
2 . 7 6 7 9 E + 0 2 0 . 0
2 . 7 6 7 6 E + 0 2 0 . 0
2 . 7 6 7 3 E + 0 2 0 . 0

2 . 7 6 7 0 E + 0 2 0 . 0
2 . 7 6 6 7 E  + 0 2 0 . 0
2 . 7 6 6 4 E + 0 2 0 . 0
2 . 7 6 6 1 E + 0 2 0 . 0
£ . 7 6 5 3 E + 0 2 0 . 0
2 . 7 6 5 5 E + 0 2

oo

+
+
+
+
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M I N I M U M  I C

T I M E

- 1 .
I C

4 7 5 8 E '
I

0 . 0 2 . 7 7 7 3 E + 0 2
6 . 0 0 0 0 E - 0 5 2 . 7 8 0 0 E + 0 2

1 . 2 0 0 0 E - 0 9 2 . 7 8 1 7 E + 0 2
1 . 8 0 0 0 E - 0 4 2 . 7 8 2 4 E + 0 2
2 . 9 0 0 0 E - 0 4 2 . 7 5 3 2 E + 0 2

3 . 0 0 0 0 E - 0 4 2 . 6 0 5 1 E + 0 2

3 . 6 0 0 0 E - 0 4 2 . 3 2 0 6 E + 0 2
4 . 2 0 0 0 E - 0 4 1 . 9 2 1 7 E + 0 2
9 . 8 0 0 0 E - 0 9 1 . 9 3 1 3 E + 0 2

5 . 9 0 0 0 E - 0 4 8 . 7 6 8 9 E + 0 1

6 . 0 0 0 0 E - 0 4 2 . 8 9 2 9 E + 0 1

6 . 6 0 0 0 E - 0 4 1 . 1 2 6 2 E - 0 1 +

7 . 2 0 0 0 E - 0 4 1 . 1 2 6 2 E - 0 1 ♦

7 . 8 0 0 0 E - 0 9 1 . 1 2 6 2 E - 0 1 +

6 . 4 0 0 0 E - 0 4 1 . 1 2 6 2 E - 0 1 +

9 . 0 0 0 0 E - 0 4 1 . 1 2 6 2 E - 0 1 +

9 . 6 0 0 0 E - 0 9 1 . 1 2 6 2 E - 0 1

X . 0 2 0 0 E - 0 3 1 . 1 2 6 2 E - 0 X *

1 . 0 8 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 1 9 0 0 E - 0 3 1 . I 2 6 2 E - 0 1 +

1 . 2 0 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 2 6 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 3 2 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 3 8 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 4 9 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 5 0 0 0 E - 0 3 1 . 1 2 6 2 E - 0 I +

1 . 5 6 0 0 E - 0 3 I . 1 2 6 2 E - 0 1 +

1 . 6 2 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 6 8 0 0 E - 0 3 1 . 1 2 6 2 E - 0 X +

1 . 7 4 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 8 0 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 8 6 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 9 2 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

1 . 9 8 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 0 4 0 0 E - 0 3 X . 1 2 6 2 E - 0 I +

2 . 1 0 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 1 6 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 2 2 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 2 8 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 3 9 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 4 0 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1
2 . 9 6 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 5 2 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 5 S 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 6 9 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 7 0 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

2 . 7 6 0 0 E - 0 3 1 . 1 2 6 2 E - 0 1 +

VERSUS TIME
‘ 2 .0000E-01 '

+
+

+

MAXIMUM .
2 .7893E+02

i I C O O T I A O O T M2
+ 5 . 3 2 0 9 E + 0 3 0 . 0  . 0 . 0

3 . 7 5 1 0 E + 0 3 0 . 0 0 . 0
■ + 2 . 1 8 1 9 E + 0 3 0 . 0 0 . 0
+ 6 . 1 3 6 5 E + 0 2 0 . 0 0 . 0

• + - 1 . 3 8 8 6 E + C 5 1 - 3 8 3 6 E + 0 5 1 . 0 0 0 0 E + 0 0
- 3 . 6 8 9 0 E + 0 5 3 . 6 7 1 2 E + 0 5 1 . 0 0 0 0 E + 0 0
- 5 . 7 5 1 3 E + 0 5 5 . 7 3 1 4 E + 0 5 1 .O O O O E + O 0
- 7 . 4 8 2 3 E + 0 5 7 . 4 5 6 3 E + 0 5 1 . 0 0 0 0 E + 0 0
- 8 . 7 6 8 4 E + 0 5 8 . 7 5 7 6 E + 0 5 1 . O O uO e ’ fOO
- 9 . 6 0 9 8 E + 0 5 9 . 5 7 0 8 E + 0 5 1 .OOOO E+OO

- 9 . 8 9 4 2 E + 0 5 9 . 6 5 8 6 E + 0 5 X .O O O O E +O O
0 . 0 - 4 . 5 1 3 1 E + 0 2 0 . 0
0 . 0 - 9 . 7 2 9 0 E + 0 2 0 . 0
0 . 0 - 9 . 9 2 9 3 E + 0 2 0 . 0
0 . 0 - 5 . 1 1 3 8 E + 0 2 0 . 0
0 . 0 - 5 . 2 8 2 2 E + 0 2 0 . 0
0 . 0 - 5 . 9 3 9 8 E + 0 2 0 . 0
0 . 0 - 5 . 5 7 1 3 E + 0 2 0 . 0
0 . 0 - 5 . 6 9 1 7 E + 0 2 0 . 0
0 . 0 - 5 . 7 9 6 0 E + 0 2 0 . 0
0 . 0 - 5 . 8 8 9 1 E + 0 2 0 . 0
0 . 0 - 5 . 9 5 5 9 E + 0 2 0 . 0
0 . 0 - 6 . 0 1 1 9 E + 0 2 0 . 0
0 . 0 - 6 . 0 5 0 6 E + 0 2 0 . 0
0 . 0 - 6 . 0 7 3 5 E + 0 2 0 . 0
0 . 0 - 6 . 0 8 0 0 E + 0 2 0 . 0
0 . 0 - 6 . 0 7 0 2 E + 0 2 0 . 0
0 . 0 - 6 . 0 9 9 0 E + 0 2 0 . 0
0 . 0 - 6 . 0 0 1 5 E + 0 2 0 . 0
0 . 0 - 5 . 9 9 2 7 E + 0 2 0 . 0
0 . 0 - 5 . 8 6 7 6 E + 0 2 0 . 0
0 . 0 - 5 . 7 7 6 2 E + 0 2 0 . 0
0 . 0 - 5 . 6 6 8 7 E + 0 2 0 . 0
0 . 0 - 5 . 5 9 5 0 E + 0 2 0 . 0
0 . 0 - 5 . 9 0 5 2 E + 0 2 0 . 0
0 . 0 - 5 . 2 9 9 5 E + 0 2 0 . 0
0 . 0 - 5 . 0 7 7 8 E + 0 2 0 . 0
0 . 0 - 4 . 8 9 0 9 E + 0 2 0 . 0
0 . 0 - 9 . 6 3 7 3 E + 0 2 0 . 0
0 . 0 - 9 . 9 6 8 5 E + 0 2 0 . 0
0 . 0 - 9 . 2 3 9 3 E + 0 2 0 . 0
0 . 0 - 3 . 9 3 9 6 E + 0 2 0 . 0
0 . 0 - 3 . 7 1 9 6 E + 0 2 c . o
0 . 0 - 3 . 9 3 9 5 E + 0 2 0 . 0
0 . 0 - 3 . 1 4 9 9 E + 0 2 0 . 0
0 . 0 - 2 . 8 3 9 9 E + 0 2 0 . 0
0 . 0 - 2 . 5 0 9 8 E + 0 2 0 . 0
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M I N I M U M I C V E R S U S  T I M E M A X IM U M
- 1 . 4 7 5 8 E - 0 1 KK =  3 . 0 0 0 0 E - 0 1 2 . 7 8 9 3 E + 0 2

T I M E I C I I I C O O T I A D O T M2
0 . 0 2 . 7 7 7 3 E + 0 2 5 . 3 2 0 4 E + 0 3 0 . 0 0 . 0
6 . 0 0 0 0 E - 0 5 2 . 7 8 0 1 E + 0 2 4 . 2 8 5 4 E + 0 3 0 . 0 0 . 0
1 . 2 0 0 0 E - 0 4 2 . 7 8 2 3 E + 0 2 3 . 2 5 1 0 E + 0 3 0 . 0 0 . 0
1 . 8 0 0 0 E - 0 4 2 . 7 8 3 9 E + 0 2 2 . 2 I 7 3 E + 0 3 0 . 0 0 . 0
2 . 4 0 0 0 E - 0 4 2 . 7 8 4 8 E + 0 2 i . 1 8 4 6 E + 0 3 0 . 0 0 . 0
3 . 0 0 0 0 E - 0 4 2 . 7 8 5 2 E + 0 2 1 . 5 3 1 5 E + 0 2 0 . 0 0 . 0
3 . 6 0 0 0 E - 0 4 2 . 7 5 8 7 E + 0 2 - 1 . 1 6 9 4 E + 0 5 1 . 1 6 4 3 E + 0 5 1 . OOOOE+OO
4 . 2 0 0 0 E - 0 4 2 . 6 4 3 0 E + 0 2 - 2 . 6 6 6 5 E + 0 5 2 . 6 5 8 3 E + 0 5 1 .O O O O E+O O
4 . 8 0 0 0 E - 0 4 2 . 4 4 0 7 E + 0 2 - 4 . 0 5 2 4 E + 0 5 4 . 0 3 7 4 E + 0 5 1 . OOOOE+OO
5 . 4 0 0 0 E - 0 4 2 . 1 6 0 0 E + 0 2 - 5 . 2 7 3 0 E + 0 5 5 . 2 5 3 6 E + 0 5 1 . OOOOE+OO
6 . 0 0 0 0 E - 0 4 1 . 8 1 2 0 E + 0 2 - 6 . 2 8 8 6 E + 0 5 6 . 2 6 5 5 E + 0 5 1 . 0 0 0 0 E + 0 0
6 . 6 0 0 0 E - 0 4 1 . 4 1 0 1 E + 0 2 - 7 . 0 6 5 4 E + 0 5 7 . 0 3 9 4 E + 0 5 1 . OOOOE+OO
7 . 2 0 0 0 E - 0 4 9 . 6 9 4 3 E + 0 1 - 7 . 5 7 8 8 E + 0 5 7 . 5 5 0 6 E + 0 5 1 . OOOOE+OO
7 . 8 0 0 0 E - 0 4 5 . 0 6 2 4 E + 0 1 - 7 . 8 1 3 8 E + 0 5 7 . 7 3 4 3 E + 0 5 1 . OOOOE+OO
8 . 4 0 0 0 E - 0 4 3 . 7 4 4 2 E + 0 0 ♦ - 7 . 7 6 5 6 E + 0 5 7 . 7 3 5 7 E + 0 5 1 . OOOOE+OO
9 . 0 0 0 0 E - 0 4 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 2 8 8 3 E + 0 2 0 . 0
9 . 6 0 0 0 E - 0 4 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 4 4 0 9 E + 0 2 0 . 0
1 . 0 2 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 5 7 7 4 E + 0 2 0 . 0
1 . 0 8 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 0 . 0 - 5 . 6 9 7 8 E + 0 2 0 . 0
1 . 1 4 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 8 0 2 1 E + 0 2 0 . 0
1 . 2 0 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 8 9 0 1 E + 0 2 0 . 0
1 . 2 6 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 9 6 2 0 E + 0 2 0 . 0
1 . 3 2 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 6 . 0 1 7 5 E + 0 2 0 . 0
1 . 3 8 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 . ♦ 0 . 0 - 6 . 0 5 6 7 E + 0 2 0 . 0
1 . 4 4 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 6 . 0 7 9 6 E + 0 2 0 . 0
1 . 5 0 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 6 . 0 8 6 1 E + 0 2 0 . 0
1 . 5 6 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 6 . 0 7 6 3 E + 0 2 0 . 0
1 . 6 2 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 ♦  , 0 . 0 - 6 . 0 5 0 1 E + 0 2 0 . 0
1 . 6 8 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 6 . 0 0 7 6 E + 0 2 0 . 0
1 . 7 4 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 0 . 0 - 5 . 9 4 8 8 E + 0 2 0 . 0
1 . 8 0 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 8 7 3 7 E + 0 2 0 . 0
1 . 8 6 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 4- 0 . 0 - 5 . 7 8 2 3 E + 0 2 0 . 0
1 . 9 2 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 6 7 4 8 E + 0 2 0 . 0
1 . 9 8 0 0 E - 0 3 . - 5 . 3 6 3 8 E - 0 3 * 0 . 0 - 5 . 5 5 1 1 E + 0 2 0 . 0
2 . 0 4 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 0 . 0 - 5 . 4 1 1 3 E + 0 2 0 . 0
2 . 1 0 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 5 . 2 5 5 5 E + 0 2 0 . 0
2 . 1 6 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 ♦ 0 . 0 - 5 . 0 8 3 8 E + 0 2 0 . 0
2 . 2 2 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 4 . 8 9 6 4 E + 0 2 0 . 0
2 . 2 8 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 +• 0 . 0 - 4 . 6 9 3 4 E + 0 2 0 . 0
2 . 3 4 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 4 . 4 7 4 6 E + 0 2 0 . 0
2 . 4 0 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 4 . 2 4 C 3 E + 0 2 0 . 0
2 . 4 6 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 3 . 9 9 0 7 E + 0 2 0 . 0
2 . 5 2 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 3 . 7 2 5 7 E + 0 2 0 . 0
2 . 5 8 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 3 . 4 4 5 6 E + 0 2 0 . 0
2 . 6 4 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + ' 0 . 0 - 3 . 1 5 0 5 E + 0 2 0 . 0
2 . 7 0 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 2 . 8 4 0 5 E + 0 2 0 . 0
2 . 7 6 0 0 E - 0 3 - 5 . 3 6 3 8 E - 0 3 + 0 . 0 - 2 . 5 1 5 9 E + 0 2 0 . 0



PAGE 1

T l r l E
0 . 0
6 . O O O O E - 0 5  
1 . 2 0 0 0 E - 0 4  
1 . 8 0 0 0 E - 0 4  
2 . 4 0 0 0 E - 0 4  
3 . O O O O E - 0 4  
3 . 6 0 0 0 E - 0 4  
4 . 2 0 0 0 E - 0 4  
9 . 8 0 0 0 E - 0 4  
5 . 4 0 0 0 E - 0 9  
6 . O O O O E -O A  
6 . 6 0 0 0 E - 0 ‘+ 
7 . 2 0 0 0 E - 0 A  
7 . 8 0 0 0 E - 0 4  

8 . 4 0 0 0 E - 0 4  
9 . 0 0 0 0 E - 0 4  
9 . 6 0 0 0 E - 0 9  

1 . 0 2 0 0 E - 0 3  
1 . 0 8 0 0 E - 0 3  
1 . 1 A 0 0 E - 0 3  
1 . 2 0 0 0 E - 0 3  
1 . 2 6 0 0 E - 0 3  
1 . 3 2 0 0 E - 0 3  
1 . 3 8 0 0 E - 0 3  
1 . 4 4 0 0 E - 0 3  
1 . 5 0 0 0 E - 0 3  
1 . 5 6 0 0 E - 0 3  
1 . 6 2 0 0 E - 0 3  
1 . 6 8 0 0 E - 0 3  
1 . 7 4 0 0 E - 0 3  
1 . 8 0 0 0 E - 0 3  
1 . 8 6 0 0 E - 0 3  
1 . 9 2 0 0 E - 0 3  
1 . 9 8 0 0 E - 0 3  
2 . 0 4 0 0 E - 0 3  
2 . 1 0 0 0 E - 0 3  
2 . 1 6 0 0 E - 0 3  
2 . 2 2 0 0 E - 0 3  

2 . 2 8 0 0 E - 0 3  

2 . 3 4 0 0 E - 0 3  
2 . 4 0 0 0 E - 0 3  
2 . 4 6 0 0 E - 0 3  
2 . 5 2 0 0 E - 0 3  
2 . 5 8 0 0 E - 0 3  
2 . 6 4 0 0 E - 0 3  
2 . 7 0 0 0 E - 0 3  
2 . 7 6 0 0 E - 0 3

M I N I M U M  
- 1 . 4 7 5 8 E - 0 1  

I C  I
2 . 7 7 7 3 E + 0 2  ---------------
2 . 7 8 0 2 E + 0 2  ---------------

2 . 7 8 2 6 E + 0 2  ---------------
2 . 7 8 4 6 E + 0 2  ---------------
2 . 7 8 6 1 E + 0 2  ---------------
2 . 7 8 7 2 E + 0 2  ---------------
2 . 7 8 7 8 E + 0 2  ---------------
2 . 7 8 7 9 E + 0 2  ---------------
2 . 7 6 3 9 E + 0 2  ---------------
2 . 6 7 3 3 E + 0 2  ---------------
2 . 5 1 6 4 E + 0 2  ---------------
2 . 3 0 4 4 E + 0 2  ---------------
2 . 0 3 7 6 E + 0 2  ---------------
1 . 7 2 6 0 E + 0 2  ---------------
1 . 3 7 8 4 E + 0 2  ---------------
1 . 0 0 4 7 E + 0 2  ---------------
6 . 1 5 2 0 E + 0 1  ---------------

2 . 2 0 6 4 E + O I  — +

- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  ♦
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 6 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  ♦
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +

- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 3 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +
- 6 . 8 3 0 8 E - 0 3  +

+

IC VERSUS TIME
KK = 4.0000E-0!

+
+

+
+

+

MAXIMUM
2 .7893E+02

I I C D O T I A D O T M2
+ 5 . 3 2 0 4 E + 0 3 0 . 0 0 . 0
+ 4 . 5 5 2 6 E + 0 3 0 . 0 0 . 0

' + 3 . 7 8 5 6 E + 0 3 0 . 0 0 . 0
3 . 0 1 9 3 E + 0 3 0 . 0 0 . 0

' + 2 . 2 5 4 0 E + 0 3 0 . 0 0 . 0
I . 9 8 9 8 E + 0 3 0 . 0 0 . 0

" f 7 . 2 6 8 2 E + 0 2 0 . 0 0 . 0
' + - 3 . 9 9 0 3 E + 0 1 0 . 0 0 . 0
' + - 9 . 5 2 8 7 E + 0 4 9 . A 7 9 7 E + 0 4 1 . OOOOE+OO

- 2 . 0 5 5 9 E + 0 5 2 . 0 + 7 2 E + 0 5 1 . OOOOE+OO
- 3 . 0 8 9 5 E + . 0 5 3 . 0 7 7 2 E + 0 5 1 . 0 0 0 0 E + 0 0
- 9 . 0 2 6 8 E + 0 5 4 . 0 1 1 0 E + 0 5 1 . OOOOE+OO
- 9 . 8 4 3 7 E + 0 5 A . 8 2 9 9 E + 0 5 1 . OOOOE+OO
- 5 . 5 1 9 9 E + 0 5 5 . 4 9 8 5 E + 0 5 1 . 0 0 0 0 E + 0 0

- 6 . 0 3 9 0 E + 0 5 6 .  0 1 5 6 E + 0 5 I . O O O O E + O O
- 6 . 3 8 9 2 E + 0 5 6 . 3 6 9 3 E + 0 5 1 .O OOO E+OO
- 6 . 5 6 3 3 E + C 5 6 . 5 3 7 4 E + 0 5 1 . OOOOE+OO
- 6 . 5 5 8 9 E + 0 5 6 . 5 3 2 6 E + 0 5 1 . OOOOE + OO

0 . 0 - 5 . 7 0 2 9 E + 0 2 0 . 0
0 . 0 - 5 . 8 0 7 2 E + 0 2 0 . 0
6 . 0 - 5 . 8 9 5 2 E + 0 2 0 . 0
0 . 0 - 5 . 9 6 7 0 E + 0 2 O . D  .

0 . 0 - 6 . 0 2 2 6 E + 0 2 0 . 0
0 . 0 - 6 . 0 6 1 8 E + 0 2 0 . 0
0 . 0 - 6 . 0 8 4 7 E + 0 2 0 . 0
0 . 0 - 6 . 0 9 1 2 E + 0 2 0 . 0
0 . 0 - 6 . 0 8 1 4 E + 0 2 0 . 0
0 . 0 - 6 . 0 5 5 2 E + 0 2 0 . 0
0 . 0 - 6 . 0 1 2 7 E + 0 2 0 . 0
0 . 0 - 5 . 9 5 3 9 E + 0 2 0 . 0
0 . 0 - 5 . 8 7 8 8 E + 0 2 0 . 0
0 . 0 - 5 . 7 S 7 4 E + 0 2 0 . 0
0 . 0 - 5 . 6 7 9 9 E + 0 2 0 . 0
0 . 0 - 5 . 5 5 6 2 E + 0 2 0 . 0
0 . 0 - 5 . 4 1 6 4 E + 0 2 0 . 0
0 . 0 - 5 . 2 6 0 6 E + 0 2 0 . 0
0 . 0 - 5 . 0 3 S 9 E + 0 2 0 . 0
0 . 0 - A . 9 0 1 5 E + 0 2 0 . 0
0 . 0 - 4 . 6 9 8 4 E + 0 2 0 . 0
0 . 0 - 4 . 4 7 9 7 E + 0 2 0 . 0
0 . 0 - 4 . 2 4 5 4 E + 0 2 0 . 0
0 . 0 - 3 . 9 9 5 7 E + 0 2 0 . 0
0 . 0 - 3 . 7 3 0 3 E + 0 2 0 . 0
0 . 0 - 3 . 4 5 0 7 E + 0 2 0 . 0
0 . 0 - 3 . 1 5 5 5 E + 0 2 0 . 0
0 . 0 - 2 . 3 + 5 6 E + 0 2 0 . 0
0 . 0 - 2 . 5 2 0 9 E + 0 2 c.o

CoO



O
O

O
O

E
-O

1

I

2 ro ro fO ro ro ro ro ro ro ro ro ro H *— I— ►— ►- H 6-* » - O >0 CD v j v i O' O' U1 •P' 04 04 ro N- ►- O' o
-vf o cn J > (»4 ro ro •-* M o 'O sO no ~*J O O' U1 01 04 04 ro ro M O o O' o 05 ro O' o 4> 00 ro O' O •p' 05 ro o o

(
w

O' o oo O ' o -P- O ro o o CD ro o o CO 1*0 O' o CD ro O' o •C' r o ro o o O O o o o O o o o o o O o o
o o o o o O o o o o o O o o o O o o o o o O o o o o o e o o O o o o o o o o o o o O o o m

o o o o o o o o o © © o o o o o © o o o o o o o o o o o o o o o o o o o o
m rn m m m rn m m m m m m m m m m m m m m rn m m m m m m m m m m m rn m m m m m m m m m m m m m
o o o © o o o o o o o © o o o o o o o o o o o o o o o o o o o o © o o o o o o o o o o o o
w 04 u cm cm 04 04 04 04 04 04 04 04 04 04 04 04 04 04 04 04 01 04 04 04 04 04 04 04 04 * * •P* •P 4> ■S' -P' ■P' * * 4* 01

M 1►-« 1 1H iH 1M 1 t-^ 1 1H 1*■* *-• f 1 1M 1 1
t-+

1
<6 i

1
• e i

1
0)

1
CD 0> v l

0v j 1
*<1

1
O'

1
O'

io* 1
vn

i
01

i
01

i 1
04

104
l

04
1ro 1*— iH i

in 'O H H
■C' i 'J 'WWWWNNNNHMMHOOO'OJ'WOvJWOsJ ^O vJ WO'JW OO'M If lWOU l^NN^W WvinyiWOC0C'^H>0M^M'00'WH0)U1MVl^WNOCDCM^O>JW-0^OlJlOUl'0.P"vlW-f'NH0)>0C0IN)H>OO>0C0WW'00'H ^O4>S^HW4MflOO05W'0^^0'^ONH0)NWWOknH('J^M0)O^CM')(>JSM M ^ O O M O O ^ N W N W ' O ' 0 ' { l WON|0)Ul‘0M 0 'WW'0 l ' ) l ‘ NjNroNjHW-iJsJO'«JO0'UlO'J'00'gi
m m r n m r n r n m r n m m m m m m r n m m m r n n i m m m m r n r n m r T i m m m r n m r n r n m m r n r n m r n m m m m m m■+ + + + + 4.4. + + + + + + 4''<* + -'~ + + M> + + + 4- + <4* + -f'4> + + + * + + + -+>4’ 4‘ + + '*>'4' + + + + O O Q O O O O O O O C O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O  iMwcMCMCMCMCMCMWCMWCMCMiMcMCMiMiMrorororororororororororororororororocMCMCMiMwcMroH-H-roro

t i l l
o o o o o o o o o o o o o o o o o o 00 o o o o o o o o o o o o o o o o o o o o o o o CM ro

<o o o o o o o o o o o o o o o o o o 00 o o o o o o o o o o o o o o o o o o o o o o o ro o to O ' o
ro M> O ' ro
O M o 05
vj M3 cn O '
rn m m m
♦ + «-
o o o o
ro w CM 04

ro ro ro ro rv> ro ro ro ro ro ro ro ro ro ro ro ro ro ro fo ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro
o o o © o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o C3 o o o o o o o o o o oo o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o O o o o o o o o o o o oo o o o o o o o o o o o o o o o o o o o o o o o ro o o o o o o o o o o o o o o o o o o c o om m m m m rn rn m m m m m m m m m m m m m m m m m m m m m m m m m rn m m m m m rn m rn m m m m m
o o o o o o o o o o o o © o o © o o o o o o o o o o o o o o o o o o o o o o o o o o o o o oH i— *—» H »-■ H »—• ►-* M M H *-• H H t*- H* H H *—• »•* i— M H* *—• M H H* >- M H i-— H

LC L

MINIMUM 
VCA 

VERSUS TIME 
MAXIMUM

-3.5621E+03 
KK 

= 2.0000E-01 
1.7145E+02
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T I M E
0.0
6 . 0 0 0 0 E - 0 5  
1 . 2 0 0 0 E - 0 4  
1 . 8 0 0 0 E - 0 4  
2 . 4 0 0 0 E - 0 4  
3 . 0 0 0 0 E - 0 4  
3 . 6 0 0 0 E - 0 4  
4 . 2 0 0 0 E - 0 4  
4 . 6 0 0 0 E - 0 4  
5 . 4 0 0 0 E - 0 4  
6 . 0 0 0 0 E - 0 4  
6 . 6 0 0 0 E - 0 4  
7 . 2 0 0 0 E - 0 4  
7 . 8 0 0 0 E - 0 4  
8 . 4 0 0 0 E - 0 4  
9 . 0 0 0 0 E - 0 4  
9 . 6 0 0 0 E - 0 4  
1 . 0 2 0 0 E - 0 3  
1 . 0 6 0 0 E - 0 3  
1 . 1 4 0 0 E - 0 3  
1 . 2 0 0 0 E - 0 3  
1 . 2 6 0 0 E - 0 3  
1 . 3 2 0 0 E - 0 3  
1 . 3 8 0 0 E - 0 3  
1 . 4 4 0 0 E - 0 3  
1 . 5 0 0 0 E - 0 3  
1 . 5 6 0 0 E - 0 3  

1 . 6 2 0 0 E - 0 3  
I . 6 8 0 0 E - 0 3  
1 . 7 4 0 0 E - 0 3  
1 . 8 0 0 0 E - 0 3  
1 . 8 6 0 0 E - 0 3  
1 . 9 2 0 0 E - 0 3  
1 . 9 8 0 0 E - 0 3  
2 . 0 4 0 0 E - 0 3  
2 . 1 0 0 0 E - 0 3  
2 . 1 6 0 0 E - 0 3  
2 . 2 2 0 0 E - 0 3  
2 . 2 8 0 0 E - 0 3  
2 . 3 4 0 0 E - 0 3  
2 . 4 0 0 0 E - 0 3  
2 . 4 6 0 0 E - 0 3  
2 . 5 2 0 0 E - 0 3  
2 . S 8 0 0 E - 0 3  
2 . 6 4 0 0 E - 0 3  
2 . 7 0 0 0 E - 0 3  

2 . 7 6 0 0 E - 0 3

M I N I M U M  
- 3 . 5 6 2 1 E + 0 3  

V C A  I
1 . 7 1 4 5 E + 0 2  --------------- .■

1 . 3 3 5 2 E + 0 2
9 . 5 5 6 6 E + 0 1  ----------------
5 . 7 5 8 9 E + 0 1  ----------------
I . 9 6 1 6 E + 0 1  ----------------

- 1 . 8 3 3 7 E + 0 1  ----------------
- 4 . 3 0 9 0 E + 0 2  ----------------
- 9 . 5 5 1 4 E + 0 2  ----------------
- 1 . 4 4 8 5 E + 0 3  ----------------
- 1 . 8 9 4 9 E + 0 3  ----------------
- 2 . 2 8 0 3 E + 0 3  ----------------
- 2 . 5 9 2 9 E + 0 3  ------------------------------- +
- 2 . 8 2 3 7 E + 0 3  ------------------------+
- 2 . 9 6 6 8 E + 0 3  ------------------ +
- 3 . 0 1 9 3 E + 0 3  ------------------ +
- 5 . 7 0 3 7 E + 0 2  
- 6 . 0 4 9 7 E + 0 2  
- 6 . 3 9 3 2 E + 0 2  
- 6 . 7 3 3 9 E + 0 2  
- 7 . 0 7 1 7 E + 0 2  
- 7 . 4 0 6 4 E + 0 2  
- 7 . 7 3 7 8 E + 0 2  
- 8 . 0 6 5 S E + O 2  
- 8 . 3 9 0 1 E + 0 2  
- 8 . 7 1 0 7 E + 0 2  
- 9 . 0 2 7 4 E + 0 2  
- 9 . 3 4 0 0 E + 0 2  
- 9 . 6 4 8 3 E + 0 2  
- 9 . 9 5 2 2 E + 0 2  
- l . 0 2 5 1 E + 0 3  
- 1 . 0 5 4 6 E + 0 3  
- 1 . 0 8 3 6 E + 0 3  
- 1 . 1 1 2 1 E  + 0 3  
- 1 . 1 4 0 0 E + 0 3  
- 1 . 1 6 7 4 E + 0 3  
- I . 1 9 4 3 E + 0 3  
- 1 . 2 2 0 6 E  + 0 3  
- 1 . 2 4 6 4 E + 0 3  
- 1 . 2 7 1 5 E + 0 3  
- 1 . 2 9 6 1 E + 0 3  
- 1 . 3 2 0 1 E + 0 3  
- 1 . 3 4 3 4 E  + 0 3  
- 1 . 3 6 6 1 E  + 0 3  
- 1 . 3 8 8 1 E + 0 3  
- 1 . 4 0 9 5 E + 0 3  
- 1 . 4 3 0 2 E + 0 3  
- 1 . 4 5 0 3 E + 0 3

V C A
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VERSUS TIME
: 3.0000E-01
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MAXIMUM
1.7145E+02

V D 1 K K
■ 2 . 6 2 8 6 E  + 0 3 3 . 0 0 0 0 E - 0 1

2 . 1 2 8 6 E + 0 3 3 . O O O O E - O l
■ 1 . 6 2 8 2 E + 0 3 3 . 0 0 0 0 E - 0 1
1 . 1 2 7 4 E + 0 3 3 . 0 0 0 0 E - 0 1
6 . 2 6 4 1 E + 0 2 3 . 0 0 0 0 E - 0 1

■ 1 . 2 5 2 7 E  + 0 2 3 . 0 0 0 0 E - 0 1
0 . 0 3 . 0 0 0 0 E - 0 1
0 . 0 3 . 0 0 0 0 E t 0 1
0 . 0 3 . O O O O E - O l
0 . 0 3 . 0 C 0 0 E - 0 1
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l

0 . 0 3 . O O O O E - O l

0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . 0 0 0 C E - 0 1
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 5 . 0 0  OTJE"- 0 1
0 . 0 3 . O O O O E - O l
0 . 0 . 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
0 . 0 3 . O O O O E - O l
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MINIMUM

T I M E
- 3

V C A
0 . 0 1 . 7 1 9 5 E + 0 2
6 . O O O O E - 0 5 1 . 3 3 9 6 E + 0 2
1 . 2 0 0 0 E - 0 9 9 . 6 9 3 9 E + 0 1
1 . 8 0 0 0 E - 0 9 5 . 8 9 0 1 E + 0 1
2 . 9 0 0 0 E - 0 9 2 . 1 3 7 6 E + 0 1
3 . 0 0 0 0 E - 0 9 - 1 . 6 1 2 3 E + 0 1
3 . 6 0 0 0 E - 0 9 - 5 . 3 5 7 7 E + 0 1
9 . 2 0 0 0 E - 0 9 - 9 . 0 9 6 6 E + 0 1
9 . 6 0 0 0 E - 0 9 - 9 . 3 3 9 7 E + 0 2
5 . 9 0 0 0 E - 0 9 - 8 . 2 8 9 3 E + 0 2
6 . O O O O E - 0 9 - 1 . 2 0 6 5 E + 0 3
6 . 8 0 0 0 E - 0 9 - 1 . 5 5 7 3 E + 0 3
7 . 2 0 0 0 E - 0 9 - 1 . 8 7 3 0 E + 0 3
7 . 6 0 0 0 E - 0 9 - 2 . 1 9 6 7 E + 0 3
8 . 9 0 0 0 E - 0 9 - 2 . 3 7 2 9 E + 0 3
9 . O O O O E - 0 9 - 2 . S 9 5 7 E + 0 3
9 . 6 0 0 0 E - 0 9 - 2 . 6 6 3 9 E + 0 3
1 . 0 2 0 0 E - 0 3 - 2 . 7 2 9 0 E + 0 3
1 . 0 8 0 0 E - 0 3 - 6 . 7 3 5 1 E + 0 2
1 . 1 9 0 0 E - 0 3 - 7 . 0 7 2 9 E + 0 2
1 . 2 0 0 0 E - 0 3 - 7 . 9 0 7 6 E + 0 2
1 . 2 6 0 0 E - 0 3 - 7 . 7 3 9 0 E + 0 2
1 . 3 2 0 0 E - 0 3 - 8 . 0 6 7 0 E + 0 2
1 . 3 8 0 0 E - 0 3 - 8 . 3 9 1 9 E + 0 2
1 . 9 9 0 0 E - 0 3 - 8 . 7 1 2 0 E + 0 2
1 . 5 0 0 0 E - 0 3 - 9 . 0 2 8 7 E + 0 2
1 . 5 6 0 0 E - 0 3 - 9 . 3 9 1 2 E + 0 2
1 . 6 2 0 0 E - 0 3 - 9 . 6 9 9 5 E + 0 2
1 . 6 8 0 0 E - 0 3 - 9 . 9 5 3 9 E + 0 2
1 . 7 9 0 0 E - 0 3 - l . 0 2 5 3 E + 0 3
1 . 8 0 0 0 E - 0 3 - 1 . 0 5 9 7 E + 0 3
1 . 8 6 0 0 E - 0 3 - 1 . 0 8 3 7 E + 0 3
1 . 9 2 0 0 E - 0 3 - 1 . 1 1 2 2 E + 0 3
1 . 9 8 0 0 E - 0 3 - 1 . 1 9 0 1 E + 0 3
2 . 0 9 0 0 E - 0 3 - 1 . 1 6 7 6 E + 0 3
2 . 1 0 0 0 E - 0 3 - 1 . 1 9 9 9 E + 0 3
2 . 1 6 0 0 E - 0 3 - 1 . 2 2 0 7 E + 0 3
2 . 2 2 0 0 E - 0 3 - 1 . 2 9 6 5 E + 0 3
2 . 2 8 0 0 E - 0 3 - 1 . 2 7 1 7 E + 0 3
2 . 3 9 0 0 E - 0 3 - 1 . 2 9 6 2 E + 0 3
2 . 9 0 0 0 E - 0 3 - 1 . 3 2 0 2 E + 0 3
2 . 9 6 0 0 E - 0 3 - 1 . 3 9 3 5 E + 0 3
2 . 5 2 0 0 E - 0 3 - 1 . 3 6 6 2 E + 0 3
2 . 5 8 0 0 E - 0 3 - 1 . 3 8 8 3 E + 0 3
2 . 6 9 0 0 E - 0 3 - 1 . 9 0 9 6 E + 0 3
2 . 7 0 0 0 E - 0 3 - 1 . 9 3 0 9 E + 0 3
2 . 7 6 0 0 E - 0 3 - 1 . 9 5 0 9 E + 0 3

VCA
K K

VERSUS TIME
: 9 . OOOOE-Ol
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+
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+
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+
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+
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+
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+
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+
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MAXIMUM
I.7195E+02

I
----- +
----- +
----+
----+
—+
—+
-+
-+

V D l
- 2 . 6 2 8 6 E + 0 3  
- 2 J 2 6 2 6 E + 0 3  
- 1 . 8 9 6 3 E + 0 3  
- 1 . 5 2 9 7 E + 0 3  
- 1 .  X 6 2 9 E  + 0 3  
- 7 . 9 5 3 3 E + 0 2  
- 9 . 2 8 6 0 E + 0 2  
- 6 . 1 2 5 6 E  + 0 1  
.0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

. 0.0 
0.0

K K
9 . 0 0 0 0 E - 0 1  
9 .  O O O O E - O l  
9 . 0 0 0 0 E - 0 1  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . 0 0 0 0 E - 0 1  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  

9 . O O O O E - O l  

9 . O O O O E - O l  
9 . D O C O E - O 1 
9 .  O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 .  O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . O O O O E - O l  
9 . 0 0 0 0 E - C 1  
9 . O O O O E - O l

GOco
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APPENDIX G DISCUSSION OF GTO VSI

The discussion of the GTO VSI is separated into two parts

- device characteristics

- circuit performance 

G.l Device Characteristics [11]

A GTO thyristor is a power device which combines the good features of a 
thyristor and those of a transistor. Table G1 shows a comparison of these 
devices. Table G2 shows some specifications of three particular GTO's from 
different vendors.

G.1.1 Turn-On Operation

The turn-on operation of a GTO is similar to that of a thyristor. The 
operation can be described by using the two-transistor equivalent circuit as 
shown in Fig. Gl.

G.1.2 Turn-Off Operation

The turn-off operation is shown in Fig. G2. The principle involved is 
to bypass the base current of the npn transistor via the gate turn-off circuit. 
The turn-off gain of a GTO is about three. This means that a reverse gate 
current in the order of one-third of the anode current is required to turn off 
a conducting GTO. The gate turn-off current is very high. However, the dura­
tion of this high current pulse is in the order of only ten microseconds. There­
fore, the average power ratings for turn-on and turn-off circuits are approxi­
mately the same [12].

G.2 Circuit Performance

Since a GTO thyristor is a self-extinguishing device, no commutation cir­
cuit is. required. However, normal operation creates the circumstance that the 
device may be turned off while it is conducting high current. This condition 
is similar to that which occurs in high power transistor switching and may re­
sult in very high turn-off losses. Care must be taken to operate the device 
within its safe operating condition specified by. the device manufacturer.

Fig. G3 shows a comparison of the application ranges of switching devices. 

G.2.1 Switching Characteristics [14]

Some of the voltage and current waveforms of a GTO switching circuit are 
shown in Fig. G4. During the turn-on interval, the following aspects should 
be considered

- The GTO has a relatively high latching current, and the 
gate pulse must be maintained long enough such that the 
anode current exceeds this latching level [15].

- The feedback diodes must be the fast recovery type in 
order to minimize the short circuit recovery current.
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T A  BL E Q\» C o m p a ris o n  o f  S w itc h in g  D ev ices  w ith  E ach  O th e r f t ) ]

— ___ __ Devices
Characteristics," 
etc.

■Thyristor 

(High-speed T yp e )

G T O  T hyris to r  
(A no de  Shorted E m itte r  

C onstruction)

Transistor 

(D arling ton  T y p e )

Device
Construction L o a d

r - O -
1 A

A n o d e A n o d e

C a t h o d e G a te

Load
j— | n Collector

■O Gate

I C
n

p
1 n 1 fn]

C a t h o d e E m i t t e r
Base

W aveforms o f  
Voltages and 
Currents

A n o d e  
V o l t a g e  •

A n o d e
C u r r e n t

G a te
C u r r e n t

Anode ■~L
Voltage

r Collector ”1_ 
Voltage -------

r

fl—

Anode
Current

Gate
Current

J f c z z

Collector_
Current

t
Base ------------- r r
Current 1-J

T
Turn-on Feeds a trigger current 

to  the gate.
Feeds a trigger current 
to  the gate.

Feeds a base current.

Sw itch­
ing
Opera­
tion

O N
holding

I f  the anode current is 
greater than the holding  
curren t, the gate current 
is unnecessary

I f  the anode current is 
greater than the holding  
current, the gate current 
is unnecessary.

Continues to  feed the base 
current.

T u m -o ff Breaks the anode current 
externally  or applies a re­
verse voltage by a forced 
com m utation  circuit.

Feeds a reverse current 
to  the gate.

Makes the base current 
zero.

T u m -o ff  T im e  
(M ax im u m  value)

15 to  50 ms 10/iS 10ms
(w hen  the base is reverse­
ly biased.)

On-state Voltage  
(M ax im u m  value)

1.5 to  2 .5 V 2 to  2 .6 V 2 to  2 .5 V

Drive Power High because tu rn -o ff  
requires the  forced 
com m utation  c ircu it.

V ery  low  because both  
turn-on  and tu rn -o ff  
requires only  a pulse.

High because the base 
current is fed during the  
on period.

Over-current
protection

Protection bv fuse T u rn -o ff w ith  the gate 
reversely biased w ith in  a 
non-repetitive controllable  
on-state current lim it or 
protection by fuse

T u rn -o ff o f  the base cur­
rent w ith in  an ASO  
region.

Features 1) F.asily available high 
blocking voltage and 
large current capabili­
ty

2 ) Medium -speed switch­
ing

3 )  N o  self tu rn -o ff  
function

1) Turned on and o ff  by 
a p o larity  o f  the gate 
current.

2 ) High-speed switching  
and low  loss

3) Available high b lock­
ing voltage and large 
current capability

1) Turned on and o f f  by 
the control o f  the base 
current.

2) High-speed switching
3) Unavailable high block; 

ing voltage and large 
current capability

4 ) Weak to  an overload
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sypdBoLS UNIT
Hitacldi IR TOSHIBA

&FP I000&25[?] p?]160 PFT120 S&&O0R21 f,°3

o f f  voltage VpRfld V 2,500 1200 1,300
max current ?TGQ A 1,000 6oo &00

Oio - effective £ utt• '̂ TfRPdS) A 400 250 400

surge -fitment r̂srn A 7000 1,80° 6 6oo
gate rety. voltage Vcroi V 16 18 10

gate tugger curr. I&T A 0*6 (Typ.d 4 0-12 fTyp.)

on voltage VTrd V 1-8 fTyr.; 3.44 (W*) 2.0 (max',

dv /dt dv /dt v/^s - 1,000 5 00 (win’

di /dt di /dt A/yUS NO LIMIT 100

turn-on time 9̂* /*s 10 5 7.5 (ryp.>

tutn- off time tw yUS 25 8 13 (np.)
Tun cti odd 7xmr>p ■Tj °c -4o to 125 -10 to 125 -40 to 115
Thermal res. ®c/w 0.05 0-075 0.04

Table G 2  Specificat»oT»S of some p a r t ic u la r  6 T0 S.

( for m arc details , consult m anu-faetiA revs  data sheets  

indicated in  referen-ees C81 , C^] <w»oI 0 ° ]  )
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During the turn-off interval, the following aspects should be considered

- A high negative gate current in the order of one-third 
of the anode current must be maintained for about lOys 
(storage time plus turn-off time).

I
- The locus of anode voltagd vs. anode current must stay 

inside the safe operating range.

G.2.2 Snubber Circuit

The snubber circuit for GTO thyristors is as important as that for the 
transistor switching circuit. Although the snubber circuit is larger than 
that required for a conventional thyristor, the GTO requires neither L-C 
components nor auxiliary thyristors for commutation.

To design the snubber circuit, the following aspects must be carefully 
considered

- The value of the snubber capacitor must be chosen such 
that it is large enough to absorb energy stored in the 
wiring inductance or to limit the dv/dt for safe operat­
ing conditions. At the same time, the capacitor should 
not be too Targe because the energy stored in this capa­
citor must be totally dissipated in the snubber resistor 
during the on interval. The essence of this aspect is 
shown in Fig. G5.

- The wiring of the snubber circuit must be made as short 
as possible.

- A  special snubber capacitor with extremely low inductance 
is required.

- The snubber diode must be a fast recovery type.

G.2.3 Motor Performance

The motor performance for a GTO VSI is similar to that described in 
Appendix E2. Since the turn-off time of a GTO VSI is less than that of the 
McMurray commutated VSI, the PWM waveform can be improved.
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i *  A N O D E  C U R R EN T OF G TO  
it. LO A D  C U R R E N T  
» *  A N O D E  VO LTAG E OF G TO

P off (N O R M A L TU R N -O FF)
/

/V

r i4 -  GrS‘ WavefonnslllustratingOperationWhentheSnubberCapacitorCs p 
J is Not A,)le to Fully Discharge During the On-Time ot the GTO ■ L15I

I



APPENDIX H COMPARISON OF CANDIDATE SYSTEMS

L i s t  O f

m
rm

m
n
cos 6

VDC 

VDC 
I DC 
*DC .
Vcp

cp

Vpeak
[RMS

Induction Motor (IM ) Power Output 
RMS Line to Line IM Terminal Voltage  
RMS IM Line Current Per Phase 
IM E ffic ie n c y  
IM Power Factor 
VSI DC Bus Voltage 
CSI Input Terminal Voltage 
CSI DC Bus Current 
VSI Input Terminal Current 
Peak Commutating Capacitor Voltage  
RMS Commutating Capacitor Voltage (P a r t ia l )  
Peak Commutating Current 
RMS Commutating Current 
Peak Voltage across a Device 
RMS Current through a Device 

Notei These la s t two symbols w i l l  be used to  define  
the T o ta l Component Rating (TCR) o f a device.

RTra TCR of Main Thyristors

RTc TCR o f Commutating Thyristors

rd TCR o f Diodes

RCc TCR o f Commutating Capacitors

RLC TCR o f Commutating Inductors

r in v TCR o f In v e rte r

rcb TCR of DC Bus F i l t e r  Capacitor

rlb TCR o f DC Bus F i l t e r  Inductor

rtot TCR of In v e rte r plus DC F i l t e r
t

q Turn O ff Time o f Thyristors



L i s t  o f  S y m b o l s  ( c o n t i n u e d )

I m p e d a n c e  c o n s t a n t  =  0 . 6 6 7

% r i p p l e  e x p r e s s e d  a s  a  d e c i m a l

I n v e r t e r  c o n s t a n t  u s e d  t o  c a l c u l a t e  t h e  T C R  
o f  t h e  m a i n  t h y r i s t o r s  i n  t h e  M c M u r r a y  V S I  
K j  =  7 . 9 2  x  1 0 ^  V A / h o r s e p o w e r

R M S  v a l u e  o f  t h e  a c  c o m p o n e n t  o f  t h e  i n v e r t e r  
i n p u t  t e r m i n a l  v o l t a g e

R M S  v a l u e  o f  t h e  a c  c o m p o n e n t  o f  t h e  i n v e r t e r  
i n p u t  t e r m i n a l  c u r r e n t

C o m m u t a t i n g  a n g u l a r  f r e q u e n c y

M a x im u m  i n v e r t e r  o u t p u t  a n g u l a r  f r e q u e n c y

C h a r a c t e r i s t i c  i m p e d a n c e  o f  s e r i e s  L C  c i r c u i t  

Zc = / l78~
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T h e  c o m p a r i s o n  o f  t h e  p r o p u l s i o n  s y s t e m s  b e g i n s  w i t h  t h e  

d e v e l o p m e n t  o f  t h e  t o t a l  c o m p o n e n t  r a t i n g  ( T C R ) .  T h i s  r a t i n g  

i s  d e s i g n e d  t o  i n d i c a t e  t h e  p o w e r  h a n d l i n g  c a p a b i l i t y  o f  e a c h  

P C U .  I t  i s  d e s i r a b l e  t o  b e  a b l e  t o  c o m p a r e  t h e  s y s t e m s  b o t h  

h o r i z o n t a l l y  ( b y  i n t e u n a l  c o m p o n e n t  g r o u p s )  a n d  v e r t i c a l l y  

( b y  t o t a l  P C U  c o m p o n e n t  r a t i n g s ) .

F i g u r e  H i  s h o w s  t h e  c i r c u i t  m o d e l s  a n d  F i g u r e s  H 2  a n d  H 3  

r e s p e c t i v e l y  d i s p l a y  i m p o r t a n t  w a v e f o r m s  f o r  t h e  v o l t a g e  a n d  

c u r r e n t  s o u r c e  i n v e r t e r s .  T h e  c a l c u l a t i o n  o f  t h e  T C R  f o r  t h e  

P C U  c o m p o n e n t s  f o l l o w s  f r o m  t h e  b a s i c  a s s u m p t i o n s  l i s t e d  b e l o w .

H.l General

V S I  /  G J O  C S I

1 )  1 8 0 °  c o n d u c t i o n  o f  t h y r i s t o r s  1 2 0 °  c o n d u c t i o n  o f  t h y f i s t o r s

2 )  L i n e  c u r r e n t  i s  s i n u s o i d a l  

( S e e  F i g u r e  H 2 ( d ) )

3 )  T h e  d c  b u s  v o l t a g e  h a s  a n  
a v e r a g e  v a l u e  =  1 . 3  V ffi

w i t h  1 0 %  p u r e  s i n u s o i d a l  
r i p p l e .

L i n e  c u r r e n t  i s  p u l s e d  
( S e e  F i g u r e  H 3 ( c ; )

T h e  i n v e r t e r  i n p u t  t e r m i n a l  
v o l t a g e  V p £  h a s  a n  a v e r a g e

v a l u e  V D C  =  ( 3 / 3 / 7 2 T T )  V m

w i t h  a n  a c  c o m p o n e n t  w h o s e
R M S  v a l u e  i s  V  , =  0 . 2 1 4  V  .

d c  m
( S e e  F i g u r e  H 3 ( d ) )

4 )  T h e  i n v e r t e r  i n p u t  c u r r e n t  

I d c  L a s  a n  a v e r a g e  v a l u e

I tLD C
=  ( 3 / 2 / tt )  I m  w i t h  a n

a c  c o m p o n e n t  w h o s e  R M S  v a l u e  
i s  I d c  =  0 . 0 6  I .m
( S e e  F i g u r e  H 2 ( e ) )

T h e  d c  b u s  c u r r e n t  h a s  a n  
a v e r a g e  v a l u e  I D C  =  1 . 3  I

w i t h  1 0 %  p u r e  s i n u s o i d a l  
r i p p l e .



V D C
LD C  1

_ Q £
2

a )  V o l t a g e  S o u r c e  I n v e r t e r

b )  C u r r e n t  S o u r c e  I n v e r t e r

F i g u r e  H I
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VDC'2
. C

(a)
]

VA0 Voltage from output 
nodes to fictitious center 
tap of battery. Shown to emphasize 180 degree conduction 
of thyristors.

2VDC^3
v d c / 3 r ~

0 L_

(b)

□

v .m Phase voltage of standard 
six-step inverter.

VAB Line to line voltage
at IM terminals. RMS value 
of fundamental component is 
Vm /TT VDC so.that
'DC = 1 .3 V.m

^A The load current is assumed 
to be purely sinusoidal.

0 (e)
Figure H2

iDC The source must supply
one phase of load current 
during each 60 degree interval. 
RMS value of AC component^
. . = 0.06 Idc m XDC = O / 2 / n ) Im

Ideal Voltage Source Inverter Waveforms
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v ^  The phase voltage
is assumed to be purely 
sinusoidalt. neglecting 
the voltage spikes during 
commutation.

v^g The line to line IM
terminal voltage is also 
sinusoidal» neglecting 
the voltage spikes.

i^ The RMS value of the
fundamental component is: 
I = /6 /ft IDC so that

*DC 1.3 I m

(d)

v DC The RMS value of the
AC component of the inverter 
input voltage is:
Vd0 *  o.aitvm V d c  = ^ G / / 5 r t ) v m

Figure H3
Ideal Current Source Inverter Waveforms
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The average value of the VSI inverter input current i ^  
shown in Figure H2(e) is

_3
n

(2TT/3)
y  2 Im sin(wt) dwt 
(TT/3)

( 3 / T l m) /-rr

The RMS value of the ac component of the VSI inverter, 
input current i ^  shown in Figure H2(e) is

where I is the RMS value of the induction motor line current„



The average value of the CSI inverter input terminal 
voltage Vp^ shown in Figure H3(d) is

_3_
7T

T > / 2

J  2 Vm sin(wt) dwt 
TT/6

3_£T^ 
/ T  IT m 1.169 Vm

The RMS value of the ac component of the CSI inverter 
input terminal voltage vDC shown in Figure H3(d) is

/
ir/ 2

< VDC - VDC >2 dwt 
^ 1 1 / 6

—

Vdc = /_3_r ( / T  vm sin(wt) - 1.169 Vm )2 dwt
/  1,1 r r /6

Vdc = 0.213695 Vm = 0.214 Vm

where V is the RMS value of the induction motor line to line m
terminal voltage.
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The ripple frequency of the VSI dc bus voltage and the 
CSI dc bus current is not specified. This eliminates the 
restriction to a particular type of input power source. The 
ripple frequency would be twice the line frequency for a 
rectified single phase catenary input on a totally electric 
locomotives or it would be six times the line frequency for 
a rectified three phase alternator input on a diesel powered 
locomotive.

T h e  r i p p l e  f r e q u e n c y  o f  t h e  V S I  i n p u t  c u r r e n t  a n d  t h e  

C S I  i n p u t  v o l t a g e  i s  s i x  t i m e s  t h e  i n v e r t e r  o u t p u t  f r e q u e n c y .

I t  i s  t h i s  f r e q u e n c y ,  s h o w n  i n . F i g u r e s  H 2 ( e )  a n d  H 3 ( d ) , w h i c h  

d e t e r m i n e s  t h e  v a l u e s  o f  t h e  d c  f i l t e r  c o m p o n e n t s .

T h e  g e n e r a l  e x p r e s s i o n s  d e f i n i n g  t h e  t o t a l  c o m p o n e n t  

r a t i n g s  a n d  t h o s e  a p p l i c a b l e  t o  a  p a r t i c u l a r  i n v e r t e r  a r e  

l i s t e d  i n  T a b l e  H i .  E a c h  T C R  h a s  d i m e n s i o n s  o f  p o w e r  s o  t h a t  

b o t h  h o r i z o n t a l  a n d  v e r t i c a l  c o m p a r i s o n  i n  T a b l e  4 . 1  i s  p o s s i b l e .



Device GTO
Thyristors(Main)
Thyristors(Commutating)
Diodes

Capacitors
(Commutating)
Inductors
(Commutating)

Total Inverter Rating

Capacitor (DC Filter)
Inductor (DC Filter)

Total PCU 
Rating

TCR General VSI csi

RTm ^ V a ^ R M S 6/2V I cp m !2vcp<0-75
Rlc N^2Vpeak^RMS 6/2vo icp c -
rd RTm 12Vc p « >75 V
RCc NwcC V̂R^^ 3(Vc)2/Zc 6wic(vrms)2

*Lc nv -<w 2 -

rinv R̂Tm + RTc + RD + RCc + RLc^

rcb 6w tCd(V . )2 I Bv peak' 6 wi Cb ( (1 +^Kr )VDC'>2

rlb
26wiLB(IB^ ) 6wILB(d+%Kr)IDC)2

rtot r̂ inv + RCB + rl b>

6 v ^ ( l =25 VDC) I m 

6 / 2 ( 1 . 2 5  VDC) l m

6wICB((l+^Kr)VDC)

Table Hi
Expressions for Total Component Ratings TCR ' 

wc = Fundamental commutating frequency 1 // LC
wT = Maximum fundamental inverter output frequency 211/ (10 t )
ZQ = Equivalent characteristic impedance of LC commutating circuit /L/C 
N * Number of devices 
K- = % ripple
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T h e ,  b a s e  v a l u e  f o r  t h e  t r a c t i o n  m o t o r  o u t p u t  i s  6 0 0  

h o r s e p o w e r .  T h e  I M  t e r m i n a l  v o l t a g e ,  a s  s u g g e s t e d  b y  L e v i  

[ l 6 j  , i s  V m =  2  k V .  T h e  m o t o r  p o w e r  f a c t o r  i s  s e l e c t e d  

t o  c o r r e s p o n d  w i t h  t h e  m o t o r  p a r a m e t e r s  o f  A p p e n d i x  F .  T h e  

r e s u l t  i s  c o s  0  =  0 . 9 1 8  w h e n  c a l c u l a t e d  a t  a  m o t o r  e f f i c i e n c y  

o f  9 5 % ,  S u m m a r i z i n g  t h e s e  r e s u l t s *

P m «  6 0 0  h p  n  =  0 . 9 5m  ~ .
V  =  2  k V  c o s  0  =  0 . 9 1 8
m

The RMS value of the motor line current is

I  =  Pm =  1 4 8 . 1 6  AmDeres
m  rzz— ’— ; —

J3 V m n  c o s  0

T h e  v a l u e  o f  t h e  d c  b u s  v o l t a g e  i s  f o u n d  b y  e q u a t i n g  

t o  t h e  R M S  v a l u e  o f  t h e  f u n d a m e n t a l  c o m p o n e n t  i n  t h e  

F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  o f  t h e  l i n e  t o  l i n e  I M  t e r m i n a l  

v o l t a g e .  ( S e e  F i g u r e  H 2 ( c ) )  T h i s  p r o c e d u r e  l e a d s  t o

v n r  =  I - 3  V ra =  2 . 6  k VDC. m

H. 2 Voltage Source Inverter TCR Calculations

T h e  t u r n  o f f  t i m e  r e q u i r e d  b y  t h e  t h y r i s t o r s  i s  a r b i t r a r i l y  

c h o s e n  t o  b e  t ^  =  2 5  m i c r o s e c o n d s .  A s  s u g g e s t e d  b y  M c M u r r a y  [ 1 7 ] ,  

t h e  o p t i m u m  v a l u e s  o f  c o m m u t a t i n g  c o m p o n e n t s  a r e  g i v e n  b y

L  =  0 . 3 9 7  ( V D C  /  I m )  t  =  1 7 4 . 2  u H

=  0 . 8 9 3  O m /  V ^ )  t q  -  1 . 2 7 2  u FC
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I t  i s  c o n v e n i e n t  t o  c o n s i d e r  t h e  c o m m u t a t i n g  s e r i e s  L C  

c i r c u i t  i n  t h e  M c M u r r a y  i n v e r t e r  a s  a  l o s s l e s s  t r a n s m i s s i o n  

l i n e  w i t h  a  c h a r a c t e r i s t i c  i m p e d a n c e  g i v e n  b y

z c - T l / c -  K z  ( V d c  /  I m )  =  1 1 . 7  O h » s

w h e r e  ! ____________  '

Kz = y (0.397 / 0.893) = 0.667

T h e  p e a k  c o m m u t a t i n g  c u r r e n t  a v a i l a b l e  t o  t u r n  o f f  t h e  

t h y r i s t o r s  a n d  t h e  p e a k  v o l t a g e  a c r o s s  t h e  c o m m u t a t i n g  

c a p a c i t o r  a r e  g i v e n  b y

I  =  
c p V D C

V - < Ic p c p

=  2 2 2 . 2  A m p e r e s

m ) zc -  4 . 3 3  k V

< /  K z  >

< 1 +  K z  > V D C

T h e  R M S  v a l u e  o f  t h e  c o m m u t a t i n g  c u r r e n t  i s  c a l c u l a t e d  

a t  t h e  h i g h e s t  i n v e r t e r  o p e r a t i n g  f r e q u e n c y  g i v e n  b y

w x =  ( 2 f r / 1 0  t  )  =  2 5 . 1 3  x  1 0 ^  r a d  /  s e c o n dX G

1
r

5  tt y o

F i g u r e  H 4

C o m m u t a t i n g  C u r r e n t  
_ _

(  I  s i n ( w t )  ) 2  d w t = ( i c p / / T o )

S i m i l a r l y ,  n e g l e c t i n g  p e r i o d s  o f  z e r o  c u r r e n t ,

V_
T T

5 tt

(  V c p  c o s ( w t )  ) 2  d w t  =  ( V c p  / / T O )

0
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It is very important to note that the RMS value of voltage 
given by Vc is not the total RMS voltage across the capacitor.
Vc is the portion of the RMS voltage due to the component wave­
forms which occur during periods of nonzero current. It is 
this partial RMS value which is used to calculate the TCR of 
the commutation capacitors. The same argument will be used 
during the calculation of the TCR for the CSI commutation 
capacitors.

To evaluate the TCR expressions given in Table Hi, the 
appropriate peak and RMS voltages and RMS currents must be 
specified. For the McMurray VSI, the peak voltage appearing 
across the main thyristors, auxiliary commutating thyristors, 
and the reverse parallel protection diodes is equal to the 
peak commutating capacitor voltage®

V = V peak cp
The RMS current through the main thyristors is one half 

the peak motor current.

* * 6  "  tV* *.>  /  2

The RMS current through the auxiliary commutating thyristors 
is equal to Ic. The RMS voltage across the commutating capacitors 
for the purpose of the TCR calculation is V -.

The diodes carry the excess commutation current above 
the load current, which is assumed to be constant during 
commutation. Besides the excess commutation current, the diodes 
may carry the full load current for as much as one quarter 
cycle in the case of a purely inductive load. For these reasons, 
and to allow for light loading conditions, the TCR of the 
reverse parallel protection diodes is conservatively chosen 
to be the same as the main thyristors.
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P r o c e e d i n g  w i t h  t h e  c a l c u l a t i o n s *  1
N o r m a l i z e d

R T m  “ r d  = 6 / T  v . ■  5 . 4 4 8  X  1 0 6 V A 1 . 0

“ t o  '
=  1 . 8 2 7  x  1 0 6 V A 0 . 3 3 5

* c o  ■
3

< v c  > 2  t  z c 0 . 4 8 2  x  1 0 6 V A 0 . 0 8 8 3

“ l o  -
3

< l o  ) 2  Z c
»  0 . 1 7 3 3  x l O 6 V A 0 . 0 3 1 8

T h e  a b o v e  n o r m a l i z e d  v a l u e s  a p p e a r  i n  t h e  V S I  c o l u m n  

o f  t a b l e  4 . 1 .

H . 2 . 1  D e v e l o p m e n t  o f  M a i n  T h y r i s t o r  R a t i n g  i n  V S I  

F o r  u s e  w i t h  T a b l e  4 . 1

R T m  =  K I  P M

n  c o s  0

B e g i n n i n g  w i t h  t h e  d e f i n i t i o n  o f  R ^ m g i v e n  i n  T a b l e  H i

R T m  -  6  (  2  v p e a k  > ^

S u b s t i t u t e  V
p e a k "  v c p =  (  1 + K z  ■> v D C

a n d  V w  =  1 . 3  V m s o  t h a t  V p e a f c  -  (  1 +  K z  )  ( 1 . 3 )  V m

A l s o  s u b s t i t u t e  f o r  1 ^  - h i  2  I m )

A n d  f i n a l l y  s u b s t i t u t e  f o r  I  =  7 4 6  P „J m  ______  m

J 3  V  n  c o s  0  
y m

RTm = (6)( 2  (  1 + K z  7 4 6  Pm }

n  c o s  0

Define = 6x2x(l+0.667)xl.3x746 / / T  = 7.92 x 103 VA/horsepower
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T h e  d c  f i l t e r  c a p a c i t o r  i s  c h o s e n  b o t h  t o  m a i n t a i n  t h e  

d c  b u s  v o l t a g e  w i t h i n  t h e  m a x im u m  p e r c e n t  r i p p l e  a n d  t o  p r o v i d e  

t h e  a c  c o m p o n e n t  o f  i n v e r t e r  i n p u t  t e r m i n a l  c u r r e n t .  B e g i n n i n g  

w i t h  t h e  v o l t - a m p e r e  r e l a t i o n s h i p  C  d v / d t  =  i ,  t h e  v a l u e  o f  

t h e  d c  f i l t e r  c a p a c i t a n c e  m a y  b e  e s t i m a t e d  a s  f o l l o w s

C f i  =  ( A t  / A V  )  I d c  =  1 4 2 . 4 4  u F

H. 2.2 Selection of VSI DC Filter Capacitance & TCR Calculation

w h e r e

A t  =  p e r i o d  o f  t h e  a c  v a r i a t i o n  o f  t h e  i n v e r t e r

i n p u t  c u r r e n t  e v a l u a t e d  a t  t h e  l o w e s t  i n v e r t e r  

o u t p u t  f r e q u e n c y ,  6 0  H z .  T h e  f r e q u e n c y  o f  t h e  

a c  v a r i a t i o n  i s  6  x  6 0  H z .

A t  =  1 /  (  3 6 0  H z  )  -  2 . 7 8  m i l l i s e c o n d s

A V

I
d c

=  % r i p p l e  t i m e s  t h e  d c  b u s  v o l t a g e

A V  =  K r  V D C  =  ^ 0 , 1 )  V D C  =  2 6 0  V o l t s

=  R M S  v a l u e  o f  t h e  a c  c o m p o n e n t  o f  t h e  i n v e r t e r  

i n p u t  c u r r e n t  s h o w n  i n  F i g u r e  H 2 ( e )

T h e  T C R  o f  t h e  d c  f i l t e r  c a p a c i t o r  i s  g i v e n  b y

R C B  ~  ^ W j  C g  (  V p e a k  ) 2  =  1 6 0 . 1  x  1 0 6  V A  =  2 9 . 3 8 4  N o r m a l i z e d

V
p e a k

(  1 +  % Kr  )  VDC -  ( 1 . 0 5 )  V p g
w h e r e

= 2 . 7 3  k V
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T h e  b a s e  h o r s e p o w e r  a n d  i n d u c t i o n  m o t o r  c h a r a c t e r i s t i c s  

a r e  t h e  s a m e  a s  t h o s e  u s e d  f o r  t h e  V S I  c a l c u l a t i o n s ,  w i t h  o n e  

i m p o r t a n t  e x c e p t i o n .  T h e  I H  t e r m i n a l  R M S  l i n e  t o  l i n e  v o l t a g e  

i s  n o  l o n g e r  f i x e d  a t  2  k V .

O n e  o f  t h e  m a j o r  p r o b l e m s  e n c o u n t e r e d  w i t h  t h e  i m p l e m e n t a t i o n  

o f  t h e  c u r r e n t  s o u r c e  i n v e r t e r  i s  t h e  p r e s e n c e  o f  L a r g e  

m a g n i t u d e  v o l t a g e  s p i k e s  w h i c h  a p p e a r  a c r o s s  t h e  I M  t e r m i n a l s  

d u r i n g  c o m m u t a t i o n .  C e r t a i n l y  t h e  i n d u c t i o n  m o t o r  w o u l d  b e  

d e s i g n e d  s p e c i f i c a l l y  t o  o p e r a t e  w i t h  a  C S I  d r i v e .  H o w e v e r  

f o r  t h e  p u r p o s e  o f  t h e  T C R  c a l c u l a t i o n s  w e  a s s u m e  t h e  S a m e  

m o t o r  p a r a m e t e r s  a n d  r e s t r i c t  t h e  p e a k  m a g n i t u d e  o f  t h e  I M  

t e r m i n a l  v o l t a g e  t o  b e  t h e  s a m e  a s  t h a t ;  f o r  t h e  V S I  s y s t e m .

G o i n g  o n e  s t e p  f u r t h e r ,  w e  c h o o s e  a  s p e c i f i c  c o m m u t a t i n g  

c a p a c i t a n c e  v a l u e  f r o m  t h e  s i m u l a t i o n  i n  A p p e n d i x  F  s o  t h a t  

t h e  m a g n i t u d e  o f  t h e  v o l t a g e  s p i k e  w i l l  b e  5 0 %  a b o v e  t h a t  o f  

t h e  f u n d a m e n t a l  s i n u s o i d  m a g n i t u d e .  T h i s  p r o c e d u r e  g i v e s  a  

v a l u e  f o r  t h e  l i n e  t o  l i n e  R M S  I M  t e r m i n a l  v o l t a g e  o f

v m -  2  k V  /  ( 1 . 5 )  =  1 . 3 3  k V

w i t h  a  c o m m u t a t i n g  c a p a c i t a n c e  o f  ( S e e  A p p e n d i x  F )

C c  =  ( 0 . 4 )  I q q  =  2 7 . 4 8  u F  w i t h  I C q . =  2 7 7  A m p e r e s

( 1 2 ) ( 3 7 7 )  V C Q  V c 0  =  2 8 0 0  V o l t s

T h e  R M S  I M  l i n e  c u r r e n t  i s  f o u n d  i n  t h e  s a m e  w a y  a s  b e f o r e .

P m =  2 2 2 . 2 4  A m p e r e s

/ 3 *  V m n  c o s  9

I n  t h e  i d e a l  c u r r e n t  s o u r c e  i n v e r t e r ,  t h e  l i n e  c u r r e n t  

i s  a s s u m e d  t o  h a v e  t h e  p u l s e d  w a v e f o r m  s h o w n  i n  F i g u r e  H 3 ( c ) .

T h e  v a l u e  o f  t h e  d c  b u s  c u r r e n t  i s  f o u n d  b y  e q u a t i n g  I m t o  

t h e  R M S v a l u e  o f  t h e  f u n d a m e n t a l  c o m p o n e n t  i n  t h e  F o u r i e r  s e r i e s  

r e p r e s e n t a t i o n  o f  t h i s  w a v e f o r m .  T h e  r e s u l t i n g  d c  b u s  c u r r e n t  i s

H.3 Current Source Inverter TCR Calculations
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I q C  ** 1 « 3  I ra *  2 8 8 . 9  A m p e r e s

A g a i n ,  t o  c a l c u l a t e  t h e  T C R ' s  f o r  t h e  G S I  c o m p o n e n t s ,  

p e a k  a n d  R M S  v o l t a g e s  a n d  c u r r e n t s  m u s t  b e  s p e c i f i e d .  T h e  

p e a k  v o l t a g e  a c r o s s  t h e  c o m m u t a t i o n  c a p a c i t o r s  i s  t h e  s a m e  

a s  t h e  p e a k  I M  l i n e  t o  l i n e  v o l t a g e .

=  2 / 2  k V  -  2 . 8 3  k V
t . p

T h i s  i s  t h e  s a m e  v o l t a g e  w h i c h  m u s t  b e  s u p p o r t e d  b y  t h e  

m a i n  t h y r i s t o r s  a n d  d i o d e s .  T h e  R M S  v a l u e  o f  t h e  c u r r e n t  

t h r o u g h  t h e  t h y r i s t o r s  a n d  d i o d e s  i s  g i v e n  b y

* R M S  =  * D C  ^  ~ 0 . 7 5  I  =  1 6 6 . 6 8  A m p e r e s

T h e  T C R  o f  t h e  m a i n  t h y r i s t o r s  a n d  d i o d e s  a s  g i v e n  

i n  T a b l e  H i  i s

R T m  "  * v  m 1 2  v c p  ( 0 > 7 5 )  r m *  5 . 6 5 7  x  1 q 6  v a

T h e  n o r m a l i z e d  v a l u e  i s  1 . 0 3 8 .

T h e  T C R  o f  t h e  c o m m u t a t i n g  c a p a c i t o r s  p r e s e n t s  t h e  

s a m e  t y p e  o f  d i f f i c u l t y  w i t h  t h e  R M S  v o l t a g e  a s  w a s  e n c o u n t e r e d  

w i t h  t h e  V S I  s y s t e m .  P e r i o d s  o f  z e r o  c a p a c i t o r  c u r r e n t  

a r e  d i s c o u n t e d  i n  t h e  p a r t i a l  R M S  c a l c u l a t i o n .  T h e  c h a n g e  i n  v o l t a g e  

d u r i n g  c a p a c i t o r  c h a r g e  a n d  d i s c h a r g e  i s  a p p r o x i m a t e d  a s  

l i n e a r .  T h e  t i m e  i n t e r v a l  o f  n o n z e r o  c u r r e n t ,  w h i c h  o c c u r s

t h r e e  t i m e s  p e r  c y c l e ,  i s  a p p r o x i m a t e l y  ( T T /  9  )  r a d i a n s .

T h e  a p p r o x i m a t e  p a r t i a l  R M S  v o l t a g e  V  i s  c a l c u l a t e d

f r o m  t h e  w a v e f o r m s  s h o w n  i n  F i g u r e  H 5  o n  t h e  f o l l o w i n g  p a g e .

j

V c  =  / j L _  j  (  ( 2  V c p  /  ( 7 7 / 9 )  )  ( w t )  ) 2  d w t

V „  B  0 . 3 8 5  =  1 . 0 8 9  k V
c  c p
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F i g u r e  H 5

A p p r o x i m a t e  C S X  C o m m u t a t i n g  C a p a c i t o r  W a v e f o r m s

( a )  V o l t a g e

( b )  C u r r e n t

T h e  T C R  o f  t h e  c o m m u t a t i n g  c a p a c i t o r s  i s  g i v e n  b y  

R C c  =  6 w j  C  (  V c  ) 2  =  4 . 9 1 4  x  1 0 6  V A

T h e  n o r m a l i z e d  v a l u e  i s  0 , 9 0 2  w h i c h  t u r n s  o u t  t o  b e  a b o u t  

t w i c e  t h e  r a t i n g  o f  t h e  c o m m u t a t i o n  c o m p o n e n t s  i n  t h e  V S I  s y s t e m  

( i n c l u d i n g  t h e  a u x i l i a r y  t h y r i s t o r s ) .

T h e  R M S  v a l u e  o f  t h e  a b o v e  c u r r e n t  w a v e f o r m ,  F i g u r e  H 5 ( b )  i s
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T h e  d c  f i l t e r  i n d u c t o r  i s  c h o s e h  t o  m a i n t a i n  t h e  d c  b u s  

c u r r e n t  w i t h i n  t h e  m a x im u m  s p e c i f i e d  p e r c e n t  r i p p l e  w h i l e  

s u p p o r t i n g  t h e  i n v e r t e r  i n p u t  t e r m i n a l  a c  v o l t a g e .  B e g i n n i n g  

w i t h  t h e  v o l t - a m p e r e  r e l a t i o n s h i p  L  d i / d t  =  v ,  t h e  v a l u e  

o f  d c  f i l t e r  i n d u c t a n c e  m a y  b e  e s t i m a t e d  a s  f o l l o w s

H.3.1 Selection of CSI DC Filter Inductance & ICR Calculation

L f i «  (  A t  / A l  )  V d c  -  2 7 . 3 9  mH

w h e r e

A t  =  p e r i o d  o f  t h e  a c  v a r i a t i o n  o f  t h e  i n v e r t e r

i n p u t  v o l t a g e  e v a l u a t e d  a t  t h e  l o w e s t  i n v e r t e r  

o u t p u t  f r e q u e n c y ,  6 0  H z .  T h e  f r e q u e n c y  o f  t h e  

a c  v a r i a t i o n  i s  6  x  6 0  H z .

A t  =  1 /  (  3 6 0  H z  )  =  2 . 7 8  m i l l i s e c o n d s

A I  =  % r i p p l e  t i m e s  t h e  d c  b u s  c u r r e n t

A l  = Kr = (0 .1 )  IpC = 28.89 Amperes

V d e  =  R h S  v a l u e  o f  t h e  a c  c o m p o n e n t  o f  t h e  i n v e r t e r  

i n p u t  t e r m i n a l  v o l t a g e  s h o w n  i n  F i g u r e  H 3 ( d )

y  »  0 . 2 1 4  V
d c  m

T h e  T G R  o f  t h e  d c  f i l t e r  i n d u c t o r  i s  g i v e n  b y

R L B  =  6 w I  L B  ^ X R M S  ^
3 8 0 . 0 4  x  1 0 °  V A 6 9 . 7 3  N o r m a l i z e d

w h e r e
i R M S  ^  (  1 +  ^  K r  )  I D C  =  ( 1 . 0 5 )  I D C  =  3 0 3 . 3 5  A m p e r e s



. 4 GTO V o l t a a e  S o u rc e  I n v e r t e r .  TCR C a lc u la t io n s

S in c e  th e  b a s ic  i n v e r t e r  c i r c u i t  to p o lo g y  i s  th e  same 
f o r  th e  GTO V S I and th e  M cM u rray  V S I , th e  b a s ic  w a ve fo rm s  
a r e  a ls o  th e  sam e. The im p o r ta n t  e x c e p t io n  i s  th e  a b s e n c e  
o f  th e  s e r ie s  LC c o m m u ta tin g  c i r c u i t .

The m a jo r  a d v a n ta g e  h e r e ,  b e s id e s  th e  o b v io u s  r e d u c t io n  
i n  s i z e *  i s  th e  s m a l le r  v o l t a g e  r a t i n g  and h e n ce  TCR o f  
b o th  th e  m a in  t h y r i s t o r s  an d  r e v e r s e  p a r a l l e l  d io d e s .  F ig u r e  
G4 i n  A p p e n d ix  G shows t h a t  t h e r e  i s  a b o u t  a  25% In c r e a s e  i n  
v o lt a g e  a b o ve  th e  dc bus l e v e l  d u r in g  c o m m u ta tio n . T h is  
com pares w i t h  a  6 6 .7 %  in c r e a s e  i n  th e  M cM u rray  V S I .  The  
r e s u l t i n g  r e d u c t io n  i n  th e  TCR i s  a b o u t  25%.

-  Rd  =  6 / 2  ( 1 . 2 5  VDC)  I m =  3 .0 6 6  x  106 VA

The n o r m a liz e d  v a lu e  i s  0 . 7 5 .  O f  c o u rs e ,  t h e  dc bus  
f i l t e r  c a p a c i t o r  and i t s  TCR a r e  th e  same as f o r  t h e  M c M u rra y  
V S I .
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